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TUMORIGENESIS AND NEOPLASTIC PROGRESSION
Neuropeptide Y as a Biomarker and Therapeutic
Target for Neuroblastoma
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Neuroblastoma (NB) is a pediatric malignant neoplasm of sympathoadrenal origin. Challenges in its
management include stratification of this heterogeneous disease and a lack of both adequate treatments
for high-risk patients and noninvasive biomarkers of disease progression. Our previous studies have
identified neuropeptide Y (NPY), a sympathetic neurotransmitter expressed in NB, as a potential ther-
apeutic target for these tumors by virtue of its Y5 receptor (Y5R)emediated chemoresistance and Y2
receptor (Y2R)emediated proliferative and angiogenic activities. The goal of this study was to determine
the clinical relevance and utility of these findings. Expression of NPY and its receptors was evaluated in
corresponding samples of tumor RNA, tissues, and sera from 87 patients with neuroblastic tumors and in
tumor tissues from the TH-MYCN NB mouse model. Elevated serum NPY levels correlated with an adverse
clinical presentation, poor survival, metastasis, and relapse, whereas strong Y5R immunoreactivity was a
marker of angioinvasive tumor cells. In NB tissues from TH-MYCN mice, high immunoreactivity of both
NPY and Y5R marked angioinvasive NB cells. Y2R was uniformly expressed in undifferentiated tumor cells,
which supports its previously reported role in NB cell proliferation. Our findings validate NPY as a
therapeutic target for advanced NB and implicate the NPY/Y5R axis in disease dissemination. The cor-
relation between elevated systemic NPY and NB progression identifies serum NPY as a novel NB
biomarker. (Am J Pathol 2016, 186: 3040e3053; http://dx.doi.org/10.1016/j.ajpath.2016.07.019)
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Neuroblastoma (NB) is a pediatric malignant neoplasm that
originates from precursors of sympathetic neurons. Clinical
phenotypes of the disease range from spontaneously
regressing to aggressive, metastatic neoplasms.1 Conse-
quently, treatment regimens depend on the risk assignment
and range from observation and surgery to intensive
chemotherapy with irradiation.1 Recently, novel strategies
that target basal neurobiological features of NB (eg, retinoic
acid treatment) have improved its outcome. Nevertheless,
the 5-year event-free survival (EFS) for patients with high-
risk NB remains below 50%.2 Thus, treatment of aggressive
tumors is a significant problem in NB management.

NB belongs to a larger group of neuroblastic tumors,
which vary in their level of differentiation, with tumor cells
ranging from undifferentiated and maturing neuroblasts to
stigative Pathology. Published by Elsevier Inc
mature ganglion cells.3,4 On the basis of the level of neuronal
differentiation and Schwannian stroma content, neuroblastic
tumors are histologically classified as ganglioneuromas
(GNs), which contain only mature ganglion cells, ganglio-
neuroblastomas (GNBs), which are composed of mature
ganglion cells and neuroblasts, and NBs, which are entirely
composed of neuroblasts. NBs are further subclassified ac-
cording to their maturation stages into differentiating, poorly
differentiated, and undifferentiated tumors, with the last
group carrying the worst prognosis.3
. All rights reserved.
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Neuropeptide Y in Neuroblastoma
Because of the extreme heterogeneity of NB, its risk
stratification is both important and challenging. Although
MYCN amplification present in 16% to 25% of NB cases
serves as one of the most powerful adverse prognostic in-
dicators, the risk assessment for patients without this
amplification is more complex.2 Currently, the most reliable
NB stratification system developed by the International
Neuroblastoma Risk Group (INRG) relies on a combination
of multiple prognostic factors.2 However, patients with
similar clinical parameters often present with different out-
comes.5 Thus, novel factors have been proposed based on
the molecular profiling of tumors.6e9 Although these new
approaches carry a significant prognostic value, they rely on
complex genetic methods, which are difficult to use in
routine clinical practice. Moreover, both current and pro-
posed stratification systems require access to tumor tissue,
which is often limited, particularly in relapsing tumors.
Therefore, there is a need for prognostic factors using easily
accessible material, such as blood. Such circulating bio-
markers may also improve disease monitoring, which
currently relies on complex radioimaging and bone marrow
aspirates. Although several of such blood biomarkers have
been proposed, none have proven effective as a single
prognostic indicator in NB risk stratification.2,10e12

Neuropeptide Y (NPY) is a sympathetic neurotransmitter
that acts by binding to multiple receptors, designated Y1
receptor (Y1R) to Y5 receptor (Y5R).13 Our group and
others have established that NPY regulates a variety of
processes that are highly relevant to tumor biology,
including cell proliferation, survival, differentiation, and
motility.14e20 We have also found that NPY, acting via Y2R
expressed in endothelial cells, stimulates angiogenesis under
various pathologic conditions, including vascularization of
solid tumors.16,20e23 Consequently, NPY has been impli-
cated as a growth-promoting factor in several malignant
tumors.24e27

Our previous investigations have found that NB cells
synthesize and release NPY, consistent with their sympa-
thetic origin.16,22 Early reports from other laboratories
indicate that such a release results in elevated systemic NPY
levels in NB patients and suggest its possible association
with advanced disease and poor clinical outcome.28e30

However, the small patient cohorts analyzed did not allow
for reliable survival analyses. Moreover, a potential asso-
ciation between serum NPY levels and tumor tissue
expression of the peptide and its receptors has not been
explored. Therefore, the role of NPY in NB biology and the
significance of its elevated systemic levels remain unclear.

High NPY expression has also been reported in another
sympathoadrenal tumor: pheochromocytoma.31e33 However,
the studies on associations between disease malignancy and
NPY levels in pheochromocytoma are contradictory.
Although NPY mRNA was detected preferentially in benign
tumors, its plasma levels were particularly high in patients
with malignant pheochromocytoma.32,33 Interestingly, we
found similar increases in circulating levels of NPY in
The American Journal of Pathology - ajp.amjpathol.org
patients with Ewing sarcoma, in whom the EWS-FLI1 fusion
protein induces NPY expression.34 Although our cohort of
individuals with metastatic Ewing sarcoma was limited, we
observed a trend toward increased serum NPY levels in this
group of patients compared with those with localized tumors.

In addition to NPY synthesis and release, NB cells also
express NPY receptors.16 We found that Y2R is constitu-
tively expressed in NB cells and is essential for their pro-
liferation and tumor vascularization, whereas Y5R is induced
in NB cells in proapoptotic conditions, such as chemo-
therapy, and promotes their survival and drug resistance.22,35

Importantly, we have established that blocking each of these
receptors inhibits NB tumor growth in animal models.22,35

Thus, our previous studies have clearly established a cen-
tral role of the NPY axis in NB biology. However, clinical
data validating the relevance of these findings and identi-
fying a population of NB patients who could benefit from
anti-NPY therapies is lacking.

In the current study, we investigated the pattern of NPY
system expression across the spectrum of human neuroblastic
tumors to determine whether its elevated levels correlated
with specific disease phenotypes. Our results, collected from
87 pediatric patients, revealed that high serum NPY levels
were associated with unfavorable prognostic factors and poor
survival in NB patients. Moreover, elevated circulating NPY
was correlated with both metastatic disease and future
relapse. Finally, high Y5R immunoreactivity was observed
in NB cells with an angioinvasive phenotype, implicating the
NPY/Y5R axis in NB metastasis. In contrast, Y2R was
present in most NB cells and in the tumor vasculature,
consistent with its essential role in maintaining NB growth
and vascularization. Together, our results validate the NPY
axis as a relevant therapeutic target in NB and support the
measurement of NPY serum levels as a minimally invasive
tool for both risk stratification and disease monitoring.

Materials and Methods

Human Samples

Matching samples of primary tumor mRNA, paraffin-
embedded tissue sections, and serum from 87 pediatric pa-
tients with neuroblastic tumors at diagnosis, collected from
2004 to 2009, were obtained from the Children’s Oncology
Group (COG) (Table 1). These samples were collected by
COG institutions upon obtaining appropriate consents, and
their use was approved by the Georgetown University
Institutional Review Board.

Real-Time RT-PCR

cDNA was synthesized using an iScript cDNA Synthesis Kit
and amplified using the ICycler iQ Detection System (Bio-
Rad Laboratories, Hercules, CA), TaqMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA), and
predesigned primers and fluorescein-labeled probes (Applied
3041
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Table 1 Patient Demographic Characteristics

Characteristic Finding (n Z 87)

Sex
Male 47 (54)
Female 40 (46)

Age at diagnosis
Median (range) 1.5 years (6 dayse13.1 years)
<18 months 44 (51)
�18 months 43 (49)

Race
Asian 3 (3)
Native Hawaiian or other
Pacific Islander

2 (2)

Black or African American 11 (13)
White 60 (69)
Unknown or not reported 11 (13)

Ethnicity
Not Hispanic or Latino 69 (79)
Hispanic or Latino 15 (17)
Unknown 3 (3)

Data are presented as n (%) of patients unless otherwise indicated.
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Biosystems). The results were calculated by the comparative
CTmethod using b-actin as a reference gene. For each sample,
the DCT value was calculated as a difference between
threshold cycles for the gene of interest and b-actin and then
converted into the fold increase over b-actin according to the
formula 2�DCT. These values were then compared among
samples in the experimental groups. The RNA samples with
CT values for b-actin exceeding 30 were considered degraded
and excluded from analysis. Thus, among 87 RNA samples
tested, 83 were suitable for analysis.

Tissue Analysis

Histologic grade was assessed according to the International
Neuroblastoma Pathology Classification.4 Immunohisto-
chemistry was performed using rabbit polyclonal antibodies:
anti-NPY (1:1000) (Sigma, St. Louis, MO), anti-Y5R
(1:300) (Novus Biologicals, Littleton, CO), and anti-Y2R
(1:25) (Abcam, Cambridge, MA). The percentage of cells
positive for particular proteins in the fractions of undiffer-
entiated and differentiating tumor cells was assessed inde-
pendently by two pathologists (S.G. and E.I.). Moreover,
quantification of Y5R staining intensities in tumor cells
distant from the vasculature and those directly surrounding
the vessels was performed using ImageJ version 1.45s (NIH,
Bethesda, MD; http://imagej.nih.gov/ij). One of 87 tissue
samples was entirely composed of necrotic tissue and thus
was excluded from analyses as nonevaluable.

NPY ELISA

Serum NPY concentrations were measured by enzyme-
linked immunosorbent assay (ELISA) (Bachem Peninsula
Laboratories, San Carlos, CA), as previously described.34
3042
Four of 87 serum samples had an insufficient volume for
ELISA assay and therefore were excluded from analyses.

Animal Model

129X1/SvJ mice expressing the human MYCN oncogene
under a rat tyrosine hydroxylase promoter (TH-MYCN
mice) were obtained from the National Cancer Institute
(Frederick, MD).36 NB tumor progression was monitored by
magnetic resonance imaging (MRI) in the Georgetown
University Lombardi Comprehensive Cancer Center Pre-
clinical Imaging Research Laboratory in a 7.0-T horizontal
Bruker magnet run by Paravision version 5.1 (Bruker,
Billerica, MA). For imaging, mice were placed on a custom-
made stereotaxic holder (ASI Instruments, Warren, MI) and
imaged with a 40-mm Bruker mouse body coil. The MRI
sequence used was a two-dimensional T2-weighted RARE
protocol previously described.37

Statistical Analysis

Patients were stratified according to prognostic factors: age
(<18 vs �18 months), stage by the International Neuro-
blastoma Staging System (nonstage 4 vs stage 4), grade
(undifferentiated or poorly differentiated vs differentiating),
mitosis-karyorrhexis index (MKI, low or intermediate vs
high), histologic findings (favorable vs unfavorable), MYCN
status (nonamplified vs amplified), ploidy (hyperdiploid vs
diploid), risk by INRG (low/intermediate vs high), and
metastatic disease (stages 1 to 3 vs 4 and 4S).2 Clinical in-
formation for some patients in our cohort was partially
missing: grade (4 patients), MKI (7 patients), ploidy (2 pa-
tients), histologic findings (4 patients), and MYCN amplifi-
cation status (1 patient). These patients were excluded from
the particular analyses. Recurrence was defined as relapse or
progression, excluding death as the first event. There were 7
deaths as first events, and these patients were excluded from
recurrence analysis.
In addition, patients were categorized as having low

(below median) or high (above median) levels of NPY or its
receptor expression, as measured by real-time RT-PCR,
immunohistochemistry, and NPY serum concentrations.
For each of the categorical prognostic variables, a Wil-
coxon rank sum or Fisher exact test was administered to
compare NPY and receptor values, and a log rank test was
performed to compare EFS and overall survival (OS) be-
tween groups. EFS and OS were calculated using the
Kaplan-Meier method38 with SEs per Peto et al.39 For EFS,
an event was defined as relapse, progression, secondary
malignant neoplasm, or death from any cause. For OS,
death was the only event considered. Time to event or death
was calculated from the date of diagnosis. In the absence of
an event or death, the survival time was censored at the
time of last contact. Multivariate Cox proportional hazard
models were fit to explore the effect of the serum NPY
levels on EFS and OS when adjusting for other covariates.
ajp.amjpathol.org - The American Journal of Pathology
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Neuropeptide Y in Neuroblastoma
On the basis of the exploratory nature of the analysis, no
multiple test adjustment procedure was adopted, and P <
0.05 was considered statistically significant. To avoid
experimental bias, the analytical procedures and initial data
analyses were performed at Georgetown University,
whereas the clinical data were available only to the COG
biostatisticians who performed subsequent statistical tests
(A.N. and C.V.R.).
Results

Elevated Serum NPY Levels in Patients with
Undifferentiated or Poorly Differentiated NBs

Of the 87 samples tested in our cohort of neuroblastic
tumors, 80 were NBs (45 undifferentiated, 24 poorly
differentiated, and 11 differentiating), 5 were GNBs, and 2
were GNs. NPY mRNA and protein were detectable in all
The American Journal of Pathology - ajp.amjpathol.org
tested tumor tissues. The median serum NPY level among
patients with neuroblastic tumors was 0.69 ng/mL
(Figure 1A), which was equal to the maximum serum NPY
concentration in healthy pediatric controls using the same
method (ELISA).34 Therefore, to determine whether a high
serum NPY level correlated with a specific disease pheno-
type, we used a median serum concentration of 0.69 ng/mL
as the cutoff point to stratify patients into low (below me-
dian levels) and high (at or above median) systemic NPY
categories.

Because expression of NPY reflects neuronal features of
NB, we first assessed whether its tumor mRNA and sys-
temic levels depend on the stage of tumor differentiation.
Serum NPY was elevated in patients with undifferentiated
and poorly differentiated NBs (median, 0.75 ng/mL),
whereas those with differentiating tumors had a median
concentration of 0.35 ng/mL, which is comparable to
healthy pediatric controls (median, 0.5 ng/mL)
Figure 1 Undifferentiated neuroblastoma (NB)
tumors synthesize and release high levels of
neuropeptide Y (NPY). A: Variability in serum NPY
concentrations, measured by enzyme-linked
immunosorbent assay, among patients with neu-
roblastic tumors. The solid line represents the
median NPY level (0.69 ng/mL). B: Elevated serum
NPY levels in patients with undifferentiated or
poorly differentiated tumors (median, 0.75
ng/mL) compared with those with differentiating
tumors (median, 0.35 ng/mL). C: NPY mRNA
levels, measured by real-time RT-PCR, are signifi-
cantly higher in tissues from undifferentiated or
poorly differentiated tumors compared with
differentiating NBs. D: In patients with neuro-
blastic tumors, serum NPY concentrations posi-
tively correlate with its tumor mRNA levels. The
statistical analysis was performed on DCT values
(r Z �0.3215); however, the mRNA levels shown
on the graph were converted to fold increase over
b-actin according to the formula 2�DCT to illus-
trate the positive direction of the correlation. Ee
G: Representative micrographs of NB tissues at
different grades of histological differentiation
stained with hematoxylin and eosin (H&E, top
row) and anti-NPY antibody (NPY, bottom row).
In undifferentiated tumors, a significant amount
of NPY is detectable in extracellular spaces and at
the cytoplasmic level (E), whereas maturing cells
in differentiating NBs (F) and mature ganglion
cells in ganglioneuromas (GNs) (G) accumulate
NPY in the cytoplasm (red arrows). Data are pre-
sented as box plots representing range (vertical
lines), 25th and 75th percentile (bottom and top
of the box, respectively), and median value (solid
horizontal line within the box) (B and C). n Z 83
(A); n Z 68 (B, undifferentiated or poorly
differentiated tumors); n Z 11 (B, differentiating
tumors); n Z 69 (C, undifferentiated or poorly
differentiated tumors); n Z 10 (C, differentiating
NBs); n Z 79 (D). *P < 0.05, **P < 0.01. Scale
bar Z 200 mm. Original magnification: �200
(EeG, main images); �400 (insets). H&E, he-
matoxylin and eosin.

3043
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(Figure 1B).34 The patients with undifferentiated or poorly
differentiated NBs also had significantly higher NPY
mRNA levels compared with the differentiating tumors
(Figure 1C). Accordingly, 56% of patients with undiffer-
entiated or poorly differentiated NBs had tumor NPY
mRNA levels above the median, whereas none of the cases
with differentiating tumors reached this level (Table 2). In
line with these findings, we observed a positive correlation
between the NPY mRNA and serum levels in the entire
cohort of patients with neuroblastic tumors (P < 0.01)
(Figure 1D), although this association was the most signif-
icant in the subgroup with undifferentiated tumors
(P < 0.001).

Similar to its mRNA and serum levels, the NPY immu-
nostaining pattern varied among different histologic tumor
Table 2 Associations of Tumor NPY mRNA and Its Serum Protein Leve

Factor n

n (%) of patients
with a median NPY
mRNA level �0.84
of b-actin level P

Age, months >
<18 41 21 (51)
�18 42 21 (50)

INSS stage
Nonestage 4 48 22 (46)
1 13
2 11
3 21
4S 3

Stage 4 35 20 (57)
Grade

Undifferentiated 69 39 (56)
Poorly differentiated 10 0 (0)

MKI >
Low or intermediate 52 25 (48)
High 24 12 (50)

Histologic findings
Favorable 35 15 (43)
Unfavorable 44 25 (57)

MYCN status
Not amplified 63 34 (54)
Amplified 19 8 (42)

Ploidy
Hyperdiploid 58 26 (45)
Diploid 23 16 (70)

Risk
Low or intermediate 44 21 (48)
High 39 21 (54)

Distant metastases
No (stages 1e3) 45 21 (47)
Yes (stages 4, 4S) 38 21 (55)

Recurrence
No 55 27 (49)
Yes 21 12 (57)

*Statistically significant differences (P < 0.05) are in bold.
INSS, International Neuroblastoma Staging System; MKI, mitosis-karyorrhexis i

3044
types. Undifferentiated or poorly differentiated NBs
exhibited marked amounts of NPY detectable at the cyto-
plasmic level and in extracellular spaces (Figure 1E),
whereas in differentiating NBs NPY was mainly localized in
the cytoplasmic compartments of neuroblastic and maturing
cells (Figure 1F). Similar strong intracellular staining was
observed in mature ganglion cells of GNBs and GNs
(Figure 1G). Collectively, these data suggest that elevated
NPY expression observed in undifferentiated or poorly
differentiated tumors leads to its release to the extracellular
space and subsequently to the circulation, whereas these
processes are diminished in differentiating tumors. No
significant associations between the percentage of NPY-
positive cells assessed by immunostaining and NB prog-
nostic factors were observed.
ls with Neuroblastoma Prognostic Factors

value* n

n (%) of patients
with a median
serum NPY level
�0.69 ng/mL P value*

0.9999 0.3828
40 18 (45)
43 24 (56)

0.3762 <0.0001
47 14 (30)
11
12
21
3

36 28 (78)
0.0010 0.1071

68 38 (56)
11 3 (27)

0.9999 0.0867
52 23 (44)
24 16 (67)

0.2611 0.0244
35 13 (37)
44 28 (64)

0.4371 0.1176
63 29 (46)
19 13 (68)

0.0522 0.0042
56 23 (41)
25 19 (76)

0.6620 0.0020
44 15 (34)
39 27 (69)

0.4351 <0.0001
44 11 (25)
39 31 (79)

0.5300 0.0048
55 22 (40)
21 16 (76)

ndex; NPY, neuropeptide Y.
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Figure 2 Elevated circulating neuropeptide Y (NPY) levels correlate with established adverse neuroblastoma (NB) prognostic factors. Serum NPY levels,
measured by enzyme-linked immunosorbent assay, are significantly elevated in NB patients with unfavorable disease phenotype characterized by the following.
A: Unfavorable histologic features (median, 0.44 and 1.06 ng/mL for patients with favorable and unfavorable histologic findings, respectively). B: High
mitosis-karyorrhexis index (MKI) (median, 0.50 and 1.16 ng/mL for patients with low or intermediate and high MKI, respectively). C: Near diploid karyotype
(median, 0.52 and 1.27 ng/mL for patients with hyperdiploid and diploid karyotype, respectively). D: High stage of disease, based on the International
Neuroblastoma Staging System (INSS) (median, 0.44 and 1.24 ng/mL for patients with nonestage 4 tumors and patients with stage 4 disease). E: High risk,
based on the International Neuroblastoma Risk Group classification (median, 0.45 ng/mL and 1.1 ng/mL for patients with low- or intermediate- and high-risk
disease, respectively). Data are presented as box plots representing range (vertical lines), 25th and 75th percentile (bottom and top of the box, respec-
tively), and median value (solid horizontal line within the box). n Z 35 (A, favorable histologic findings); n Z 45 (A, unfavorable histologic findings);
n Z 52 (B, low or intermediate MKI); n Z 24 (B, high MKI); n Z 56 (C, hyperdiploid karyotype); n Z 25 (C, diploid karyotype); n Z 47 (D, nonestage 4
tumors); n Z 36 (D, stage 4 disease); n Z 44 (E, low- or intermediate-risk disease); n Z 39 (E, high-risk disease). **P < 0.01, ***P < 0.001.

Neuropeptide Y in Neuroblastoma
Association of High Serum NPY Levels with
Unfavorable Prognosis

To assess potential associations of elevated systemic NPY
levels with NB clinical presentation and outcome, we
compared systemic NPY levels in patients with different
clinical features of the disease. Serum NPY levels were
significantly elevated in patients with tumors character-
ized by several established adverse prognostic features,
including unfavorable histologic findings, a high MKI and
a near diploid karyotype, and stage 4 and high-risk dis-
ease based on INRG risk classification (Figure 2).2

Conversely, patients with a favorable disease presenta-
tion and low-risk tumors had NPY concentrations com-
parable to those previously reported for healthy children
(median, 0.5 ng/mL).34 Consequently, serum NPY con-
centrations above the median level in our cohort (0.69 ng/
mL) were more often observed in patients with adverse
prognostic features and significantly correlated with stage
4 (78% of patients with elevated NPY levels), diploid
karyotype (76% of patients), and high-risk disease (69%
of patients) (Table 2).

This strong association of elevated systemic NPY with
an unfavorable clinical phenotype of NB was in agreement
with significantly worse EFS and OS in patients with serum
The American Journal of Pathology - ajp.amjpathol.org
NPY levels above the median (P < 0.05) (Figure 3A). For
patients with high and low serum NPY levels, the 5-year
EFS rates � SE were 48.7% � 9.0% vs. 80.3% � 8.6%
and the 5-year OS rates were � SE 58.2% � 8.9% vs.
86.5% � 7.3%, respectively. Strikingly, the most signifi-
cant association between high serum NPY levels and poor
survival occurred in the subpopulation of patients with
stage 1 to 4 tumors without MYCN amplification
(P < 0.01) (Figure 3B). In this subgroup, the 5-year EFS
rates � SE were 49.7% � 11.7% versus 88.9% � 7.9%,
and the 5-year OS rates � SE were 56.3% � 11.8% versus
96.7% � 4.4% for patients with high and low serum NPY,
respectively. In contrast, no such correlations were
observed in the cohort with MYCN amplification (P Z 0.9
and P Z 0.8 for EFS and OS, respectively; data not
shown), although serum NPY levels remained high in this
group (median, 1.07 ng/mL). Similarly, no difference in the
survival of patients with high and low serum NPY levels
was observed within a high-risk disease subgroup, as
defined by INRG criteria (P Z 0.8 and P Z 0.9 for EFS
and OS survival, respectively; data not shown). Impor-
tantly, however, 49% of patients in this subgroup had
MYCN-amplified tumors. In contrast, there was a notice-
able trend toward worse survival in patients with high
NPY levels within a subpopulation with low- or
3045
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Figure 3 High systemic neuropeptide Y (NPY)
correlates with worse neuroblastoma (NB) patient
survival. A: Comparison of event-free survival (EFS;
left graph) and overall survival (OS; right graph)
in patients with low serum NPY concentrations
(below the median level of 0.69 ng/mL) and high
serum NPY concentrations (at or above the median
level). These analyses were performed on the
entire experimental cohort. B: Similar survival
analyses performed on a subpopulation of patients
with stage 1 to 4 (nonestage 4S), MYCN-non-
amplified tumors. C: Comparison of EFS and OS in
patients with low and high NPY concentrations
performed in a subpopulation of patients with low-
to intermediate-risk disease. nZ 41 (A, low serum
NPY concentrations); n Z 42 (A, high serum NPY
concentrations); n Z 26 (B, high NPY concentra-
tions); n Z 34 (B, low NPY concentrations); n Z
29 (C, low NPY concentrations); n Z 15 (C, high
NPY concentrations). *P < 0.05, **P < 0.01.

Galli et al
intermediate-risk disease by INRG, which do not carry
MYCN amplification, although these differences did not
achieve statistical significance (P Z 0.08 and P Z 0.07 for
EFS and OS, respectively) (Figure 3C).2

Despite the strong association of serum NPY with worse
survival in univariate analysis, when adjusted for the
effects of stage by International Neuroblastoma Staging
System and histologic features in the multivariate Cox
proportional hazards model, serum NPY did not achieve
statistical significance as an independent prognostic factor
(data not shown). This lack of significance was primarily
attributable to the strong correlation of elevated levels
of systemic NPY with these two covariates (stage 4,
P < 0.0001, and unfavorable histologic features,
P Z 0.02) (Table 2). Strikingly, in the same multivariate
analysis, MYCN amplification also failed to achieve sta-
tistical significance for EFS, despite its well-established
prognostic value.
3046
Association of Elevated Serum NPY Levels at Diagnosis
with Metastatic Disease and Future Relapse

We next correlated patients’ serum NPY levels with the
presence or absence of distant metastases. In line with its
adverse effect on patient survival, serum NPY levels were
significantly elevated in patients with metastatic disease at
diagnosis compared with those without known metastases
(P < 0.0001) (Figure 4A). Consequently, serum NPY levels
above the median were observed in 79% of patients with
distant metastases compared with 25% of those with local-
ized tumors (P < 0.0001) (Table 2). Similarly, patients who
experienced relapse during the disease were significantly
more likely to have serum NPY levels at diagnosis above
the median compared with patients without relapse (76% vs
40%; P Z 0.005) (Table 2). In addition, there was a sta-
tistically significant difference in median serum NPY levels
between these two groups (P Z 0.029) (Figure 4A).
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Elevated circulating neuropeptide Y (NPY) and high Y5 receptor (Y5R) expression are associated with neuroblastoma (NB) dissemination and an
invasive phenotype. A: Serum NPY concentration are elevated in patients with metastases at diagnosis (median, 0.44 and 1.11 ng/mL for patients with localized
disease and distant metastases, respectively) and future relapse (median, 0.50 and 1.34 ng/mL for patients without disease recurrence and with relapse,
respectively). B: A representative image of Y5R immunostaining (brown) in differentiating human NB. CeH: Representative micrographs of Y5R immunostaining
in undifferentiated human NB cells with angioinvasive characteristics. C and D: Groups of Y5R-positive NB cells or isolated tumor cells accumulate in close
proximity to blood vessels and align along them. E and F: Y5R-positive cells penetrate the vessel wall. G: A Y5R-positive cell with a morphologic deformation
that is characteristic of the intravasating tumor cells. H: The Y5R-positive cells are also detectable in the vessel lumen. Red arrows indicate Y5R-positive tumor
cells, whereas red arrowheads indicate Y5R-positive endothelial cells. Data are presented as box plots representing range (vertical lines), 25th and 75th
percentile (bottom and top of the box, respectively), and median value (solid horizontal line within the box) (A). n Z 44 (A, localized disease); n Z 39 (A,
distant metastases); n Z 55 (A, no relapse); n Z 21 (A, relapse). *P < 0.05, ****P < 0.0001. Scale bars: 100 mm (B); 50 mm (CeH). V, blood vessel.

Neuropeptide Y in Neuroblastoma
Expression of Y5R in Angioinvasive NB Cells

To define the possible mechanisms of NPY’s adverse effects
on NB patient survival, we investigated the expression
patterns of NPY receptors across tumor subtypes. On the
basis of our previous studies, we focused on Y2R and Y5R
because these two receptors play essential roles in NB
biology.16,22,35 No associations between Y5R expression
level, as measured by RT-PCR or a percentage of Y5R-
immunoreactive cells, and NB prognostic factors were
observed. However, we identified a specific pattern of Y5R
expression in NB tissues. Although Y5R immunostaining
was detected at cytoplasmic and membrane levels in
maturing ganglion cells (Figure 4B) and undifferentiated
The American Journal of Pathology - ajp.amjpathol.org
neuroblasts (Figure 4, CeH), its expression in undifferen-
tiated or poorly differentiated NBs was particularly high in
an apparently invasive subset of tumor cells. Specifically,
high Y5R expression was observed in isolated tumor cells or
their clusters that accumulated immediately adjacent to
blood vessels and circumferentially surrounded them
(Figure 4, C and D). In addition, Y5R was detectable in NB
cells penetrating the blood vessel wall and endothelium
(Figure 4, EeG), as well as in those located in the vessel
lumen (Figure 4H). The analysis of staining intensities
confirmed elevated Y5R expression in the cells directly
surrounding blood vessels compared with those distant from
the vasculature (1.9-fold increase in staining intensity,
P < 0.001). This pattern of immunostaining suggests a
3047

http://ajp.amjpathol.org


Galli et al
preferential Y5R expression in angioinvasive tumor cells,
which is in agreement with the elevated serum NPY levels
seen in patients with metastatic NBs. Interestingly, strong
Y5R immunostaining was also observed in the intratumoral
vascular endothelial cells (Figure 4, DeH).

Identification of Disseminating Tumor Cells in an
Animal Model of NB by High Expression of Y5R and NPY

To confirm that Y5R expression is associated with an
angioinvasive NB cell phenotype, we performed similar
expression analyses in samples derived from TH-MYCN
mice, which serve as a model of undifferentiated NB.36 This
approach allowed for a direct comparison of primary tumors
and their corresponding metastases that developed during
disease progression (Figure 5, AeD). Interestingly, although
NPY immunostaining was observed in most NB cells in the
human samples, high expression of both NPY and Y5R was
limited to a specific cell population in TH-MYCN mice. In
primary TH-MYCN tumors, both NPY and Y5R were
expressed at high levels in cells surrounding blood vessels
and those apparently entering the circulation. Quantitative
analysis of staining intensities revealed a 2.2-fold increase
in NPY expression levels and 1.9-fold increase in Y5R
expression in cells with an apparent angioinvasive phenotype
compared with the cells distant from vessels (P < 0.001 for
both comparisons) (Figure 5, E and GeI). Strikingly, all NB
cells in the corresponding distant metastases to various or-
gans, including liver, ovary, and kidney, were highly posi-
tive for NPY and Y5R (Figure 5, F and J). This uniformly
positive immunostaining for both NPY and Y5R was
particularly apparent in small metastatic lesions contiguous
with blood vessels. Together, these data from human sam-
ples and the mouse model identify the preferential expres-
sion of Y5R and NPY in angioinvasive and disseminating
NB cells, strongly implying an association of this expression
profile with a metastatic phenotype.

Uniform Expression of Y2R in Undifferentiated NB Cells

Next, we analyzed the clinical and mouse model samples for
Y2R expression. In contrast to the selective pattern of Y5R
expression, Y2R was more widely expressed in NB cells.
Y2R mRNA was detectable in all neuroblastic tumors, and
all NB and GNB tissues were Y2R immunopositive.
Although no correlations between Y2R expression levels, as
measured by RT-PCR and immunohistochemistry, and
tested prognostic factors were found, extensive Y2R im-
munostaining was observed in undifferentiated cells, which
were uniformly Y2R positive at both the membrane and
cytoplasmic levels (Figure 6A). In contrast, only 20% to
30% of maturing ganglion cells were Y2R positive
(Figure 6B), whereas mature ganglion cells in GNBs and
GNs were Y2R negative (data not shown). Y2R immuno-
staining was also detectable in endothelial cells of all tumor
types (Figure 6B). Similar to human NBs, the tumor cells
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from undifferentiated NBs arising in TH-MYCN mice were
100% positive for Y2R, confirming its universal expression
in this tumor subtype (Figure 6C).
In summary, expression patterns of NPY and its receptors

observed in human NBs and confirmed in an animal model
of its aggressive form correlated with experimentally
established functions of NPY and its cognate re-
ceptors.16,22,35 Thus, our current data provide strong clinical
support for previously defined molecular mechanisms by
which elevated NPY levels contribute to NB progression,
dissemination, and poor clinical outcome.16,22,35
Discussion

Previous studies performed on small patient cohorts indi-
cated high NPY synthesis in NB tissues and its elevated
plasma levels; however, the expression of NPY receptors or
possible clinical significance of NPY or receptor expression
patterns was not directly assessed.28e30,40,41 Herein, we
present results of a comprehensive study that evaluated
tumor mRNA and protein levels of NPY and its receptors
along with its serum concentrations in matching samples
from 87 patients with neuroblastic tumors. This approach
allowed us to determine, for the first time, correlations be-
tween NPY system expression in tumor tissue, systemic
NPY levels, and clinical outcomes.
Although NPY is used as a marker of sympathetic differ-

entiation, its mRNA levels were higher in undifferentiated or
poorly differentiated NBs compared with differentiating
tumors.42 This phenomenon is consistent with the cholinergic
switch that occurs in differentiating NBs, which lose their
adrenergic properties and acquire a cholinergic phenotype.43

This has been reported on retinoic acideinduced differenti-
ation in vitro and in NB patients.42,43 Because NPY is
expressed in adrenergic neurons, its synthesis is down-
regulated in NB cells by retinoic acid and, as shown here,
in differentiating NBs.13,42

The high NPY mRNA level in undifferentiated or poorly
differentiated NBs was in agreement with its elevated serum
levels in patients with these tumors, indicating release of the
peptide to the circulation.34 Such NPY release from undif-
ferentiated NB cells has been directly proven in vitro.16,22,35

Consistent with this hypothesis, marked amounts of NPY
were detectable within the extracellular microenvironment
of undifferentiated, Schwannian stroma-poor NBs, whereas
in differentiating NBs the peptide was primarily
intracellular.
Aside from clinical features of NB, the amount of circu-

lating NPY in patients may also depend on overall tumor
burden. Although primary tumor volumes were not available
to test this possibility directly, our current findings and those
from previous reports strongly indicate that it is the tumor
phenotype per se that is the major determinant of NPY release
from NB tumors.16,22,35 For example, NPY release from the
undifferentiated NB cells in vitro varied between cell lines,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 High neuropeptide Y (NPY) and Y5
receptor (Y5R) immunoreactivity marks invasive
neuroblastoma (NB) cells in TH-MYCN mice. A and
B: Representative magnetic resonance image
(MRI) of a primary tumor (T) and liver metastasis
(M) in the TH-MYCN mouse model of NB. C and D:
Hematoxylin and eosin (H&E) staining of the
primary tumor and liver metastases derived from
TH-MYCN mice. E: NPY immunostaining in TH-MYCN
tumors. NPY-positive cells within the primary
tumor (red arrows) accumulate around blood
vessels (V) and in the blood stream. F: Represen-
tative image of NPY immunostaining in liver
metastasis derived from a TH-MYCN mouse. All
cells within the lesion are highly positive for NPY.
GeI: Y5R immunostaining in primary tumors
arising in TH-MYCN mice. Groups of highly Y5R-
positive NB cells (red arrows) are detectable
around the vessels (G), penetrating the vessel wall
(H) and in the vessel lumen (I). J: Representative
image of Y5R immunostaining in liver metastasis
derived from a TH-MYCN mouse. All cells within the
lesion are positive for Y5R. The images are shown
at various magnification levels to highlight the
patterns of immunostaining seen within tumor
tissue. Scale bar Z 50 mm (CeJ).

Neuropeptide Y in Neuroblastoma
decreased upon NPY siRNA treatment, and was particularly
high in chemoresistant cells with elevated NPY mRNA
levels.22,35 Consistent with these data, we found that serum
NPY concentrations positively correlated with its tumor
mRNA levels, suggesting that tumors with elevated peptide
expression release a high amount of NPY into the circulation.
The American Journal of Pathology - ajp.amjpathol.org
Although previous studies did not find such correlations, this
may be associated with our cohort being rich in patients with
undifferentiated NBs, where the associations between
mRNA and serum levels are most prevalent.29 Furthermore,
NPY release can also be dependent on other features of tumor
cells, such as the level of their differentiation, because
3049
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Figure 6 Y2 receptor (Y2R) is universally expressed in undifferentiated neuroblastoma (NB) cells. A and B: Representative images of Y2R immunostaining
in undifferentiated (A) and differentiating (B) human NB tissues. The red arrowhead indicates Y2R-positive endothelial cells. C: Y2R immunostaining in a
tumor developing in a TH-MYCN mouse. Scale bar Z 100 mm (AeC).

Galli et al
undifferentiated NB cells release neurotransmitters in an
uncontrolled manner.44 Moreover, the undifferentiated or
poorly differentiated tumors are more cellular and therefore
may release more NPY than stroma-rich differentiating
tumors of comparable size.4 Finally, the secretion of the
peptide may be further modified by the tumor microenvi-
ronment (eg, the presence of Schwannian stroma), which
suppresses the aggressive phenotype and vascularization of
NB.45 In line with this evidence, our analyses indicated
multiple correlations of high serum NPY levels with adverse
tumor features that are independent of tumor size, such as a
low level of differentiation, unfavorable histologic features,
diploidy, and high MKI. Because NPY actions are mediated
by surface receptors, the ability of NB tumors to release the
peptide is essential for its functionality. Consequently, an
elevated systemic level of NPY rather than its expression in
the tumor tissue was strongly associated with unfavorable
prognosis in NB patients. Interestingly, we have shown a
similar variability in NPY release in Ewing sarcoma patients,
whereas others reported it in pheochromocytoma patients.34

The uniform positive immunostaining of undifferentiated
NB cells for NPY and Y2R is consistent with their consti-
tutive mRNA expression and crucial role of the NPY/Y2R
autocrine loop in maintaining NB cell proliferation and
tumor vascularization.16,22 Similarly, the focal pattern of
Y5R immunostaining is in agreement with its inducible
expression in NB.35 We have previously found that Y5R
expression is induced by hypoxia, a known prometastatic
factor.23,35 In line with this observation, strong Y5R im-
munostaining was observed in angioinvasive NB cells that
accumulated around blood vessels. Importantly, similar
perivascular localization has been found for hypoxia-
inducible factor (Hif)-2aepositive NB cells that exhibit an
aggressive, undifferentiated phenotype.46,47 Because Hif-2a
is one of the master regulators of the hypoxic response and
Y5R expression is up-regulated by hypoxia, the associations
between these two factors in the subpopulation of invasive
NB cells deserves further investigation.23,46

The specific pattern of Y5R expression in angioinvasive
NB cells was confirmed in the TH-MYCN animal model,
where high NPY and Y5R immunoreactivity was observed
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in disseminating NB cells within primary tumors and in all
metastatic NB cells in distant organs. Collectively, these
data establish high expression of Y5R and NPY as a marker
for a distinct population of angioinvasive and metastatic NB
cells. This concept is in agreement with the increased serum
NPY levels seen in NB patients with metastases and further
supports our hypothesis that high circulating NPY observed
in patients with metastatic NBs reflects a specific tumor
phenotype rather than merely high tumor burden. Interest-
ingly, in previous reports and in our present study, elevated
serum NPY levels were also observed in patients with stage
4S NB.29 Despite their unique biological features, stage 4S
tumors present with metastases at the time of diagnosis,
which was when NPY was measured in our study. Thus,
high NPY release appears to be a compelling marker of
active metastatic disease. Altogether our results warrant
further investigations into the prometastatic activity of the
NPY/Y5R autocrine loop as the potential mechanism un-
derlying the adverse effect of elevated NPY on NB patient
survival.16,22

The growth-promoting and metastatic actions of NPY can
also be partially associated with its angiogenic activity.21

Although Y2R is the main angiogenic receptor of NPY,
endothelial cells in NB tumors were strongly immuno-
positive for both Y2R and Y5R.48,49 This expression pattern
is consistent with the role of Y5R in enhancing Y2R-
mediated endothelial cell proliferation and migration.20

Although we have reported that a Y2R antagonist reduced
vascularization in NB and Ewing sarcoma xenografts,
whereas a Y5R antagonist alone did not, it is plausible that
the combination of both antagonists may have an
augmented antiangiogenic effect.22,23,35

Consistent with our findings in NB patients, associations
of elevated systemic NPY with disease dissemination were
previously suggested for other NPY-rich tumors.32,34 In
pheochromocytoma, plasma NPY levels were higher in
patients with malignant tumors compared with those with
benign lesions.32 However, this marked increase in systemic
NPY was limited to patients with metastases present at the
time of NPY measurement but not those who developed
metastases later in the disease. Although these results
ajp.amjpathol.org - The American Journal of Pathology
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seemed to contradict earlier findings that indicated a
decreased percentage of tumors with detectable NPY
mRNA among malignant pheochromocytomas, the latter
study was performed on a small number of cases and did not
indicate the time of metastasis development.33 Moreover,
neither of these studies took into consideration the locali-
zation of primary tumors, even though NPY is preferentially
expressed in adrenal tumors, whereas extra-adrenal pheo-
chromocytomas are NPY negative.31e33 The extra-adrenal
tumors constitute 10% of pheochromocytomas but are
more frequently malignant than adrenal tumors.50,51 Thus,
these NPY-negative extra-adrenal tumors may be over-
represented among patients with metastatic disease. If true,
elevated systemic NPY levels may actually be a marker of
an active metastatic process in patients with adrenal pheo-
chromocytomas. This hypothesis is in agreement with our
previous report that suggested elevated serum NPY levels in
patients with metastatic Ewing sarcoma and high serum
levels of NPY in patients with stage 4 and stage 4S NB.34

Although a previous study performed on a limited number
of samples indicated a lack of detectable NPY mRNA in
stage 4 infantile NBs, our study did not confirm this
finding.28 This discrepancy could be associated with
differences in methods because previously used in situ
hybridization may not be capable of detecting homogenous,
diffuse mRNA expression.28

Overall, the clinical and preclinical findings presented
herein provide further support for targeting the NPY axis in
NB therapy and identify patients with metastatic disease as
a subpopulation that may benefit the most from such
treatments. These therapies may include Y2R and Y5R
antagonists, which are already available and have been
tested in animal studies and clinical trials for other disor-
ders.52 In addition, surface expression of NPY receptors
offers the possibility of targeted delivery of radio-
therapeutics and chemotherapeutics using their ligands.53

Given the heterogeneity of NB, targeting factors associ-
ated with the basic neurobiology of these tumors, such as
NPY, is a promising therapeutic approach for a broad pa-
tient population. The feasibility of such biology-driven
strategies has been demonstrated by improvements in NB
outcome and management achieved through treatment with
retinoic acid and anti-ganglioside 2 antibody, as well as
radionuclide delivery via the catecholamine analog
metaiodobenzylguanidine.1,54

Because of its strong association with unfavorable disease
phenotype, elevated systemic NPY levels may also serve as a
novel, minimally invasive biomarker for NB risk stratifica-
tion. High serum NPY levels correlated with 5 adverse
prognostic factors, including high risk based on the INRG
system.2 Consequently, patients with increased serum NPY
levels had significantly worse OS and EFS, which is in
agreement with early reports indicating an association of high
plasma NPY concentrations with poor outcome of NB.29,30

Although some patients with elevated systemic NPY levels
had a favorable disease outcome, none of the known NB
The American Journal of Pathology - ajp.amjpathol.org
prognostic factors, including the INRG system, are
completely accurate.2 Conversely, our finding that a highly
statistically significant association exists between elevated
systemic NPY levels and worse survival in patients without
MYCN amplification has important clinical implications
because these patients are more difficult to stratify than those
with MYCN amplification. Notably, the trend toward worse
survival in patients with high NPY levels was also observed
in the subgroup withoutMYCN amplification presenting with
low- or intermediate-risk disease, suggesting that NPY
measurement may improve stratification of this group over
the existing INRG system, if this potential correlation is
confirmed in a larger cohort of patients. Thus, on the basis of
our data, NPY is a serum biomarker of high-risk disease that
can be easily measured and may improve the standard of care
for patients with non MYCN-amplified tumors. Interestingly,
a subgroup of aggressive NBs without MYCN amplification
is known to carry a variety of other genomic aberrations in
primary tumors and corresponding metastases, including
gain of chromosome 7, which contains the locus of the NPY
gene.55 Thus, it is important to determine the association
between these genetic aberrations, as well as other known
features of this NB subset (eg, high expression of MYC
oncogene), and NPY system expression.56

Because of its strong correlations with advanced stage of
the disease, high serum NPY levels did not achieve statis-
tical significance as an independent prognostic factor in
multivariate analysis. Of note, in the same analysis for
EFS, MYCN amplification, the well-established adverse
prognostic factor for NB, was also not statistically signifi-
cant. Hence, the above results do not rule out the clinical
utility of serum NPY, particularly given its strong associa-
tion with worse survival in patients with MYCN non-
amplified tumors and accessibility of the clinical material
for its measurement.

In contrast to previous reports on pheochromocytoma, we
found a correlation of high NPY release at diagnosis with
future relapse in NB patients.32 Other studies have found an
association of high NPY content in neuroblasts infiltrating
bone marrow with early relapse and poor clinical outcome
of NB.57 These findings support our previous data impli-
cating the NPY/Y5R axis as a prosurvival pathway involved
in NB chemoresistance.35 Because NPY expression and
release are up-regulated in chemoresistant NB cells, plasma
NPY levels may be further elevated during relapse.35 Such a
secondary increase in NPY levels during recurrence may
explain the presence of patients with initially normal NPY
levels in the subpopulation with future relapse. Collectively,
these data support the potential utility of systemic NPY
levels in monitoring NB progression, as previously sug-
gested for NB and pheochromocytoma.41,58 In pilot studies,
elevated plasma NPY concentrations normalized after suc-
cessful treatment, while lack of a posttreatment decrease in
circulating NPY levels was associated with disease relapse
and fatal outcome.29,30,41,58 Importantly, in contrast to cur-
rent monitoring procedures, the measurement of blood NPY
3051
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is a simple, minimally invasive analytical test that does not
require access to tumor tissue.1

Collectively, our current findings describe the strong
association between elevated systemic NPY levels and
adverse clinical phenotype of NB, supporting the crucial role
of the NPY axis in NB growth and progression that is
implicated by our previous experimental data and validating
this pathway as a relevant therapeutic target.16,22,35 The
observed correlation between high serum NPY and metasta-
ses, as well as increased Y5R expression in angioinvasive NB
cells, implicates the NPY/Y5R axis as a metastatic pathway in
NB and identifies patients with disseminated disease as a
candidate population for anti-NPY therapy. Moreover, the
association of high systemic NPY levels with disease relapse
supports its clinical utility as a minimally invasive biomarker
for monitoring NB progression. On the basis of our data,
further large-scale validation trials are warranted.
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