
Abstract. Neuroblastoma is the most common solid
extracranial malignant tumor in children. Despite recent
advances in the treatment of this heterogenous tumor with
surgery and chemotherapy, the prognosis in advanced stages
remains poor. Interestingly, neuroblastoma is one of the few
solid tumors, to date, in which an effect for targeted
immunotherapy has been proven in controlled clinical trials,
giving hope for further advances in the treatment of this and
other tumors by targeted therapy. A large array of novel
therapeutic options for targeted therapy of neuroblastoma is
on the horizon. To this repεrtoirε, the neurokinin-1 receptor
(NK1R) system was recently added. The present article
explores the most recent developments in targeting
neuroblastoma cells via the NK1R and how this new
knowledge could be helpful to create new anticancer
therapies agains neuroblastoma and other cancers.

Neuroblastoma is the most common solid extracranial
malignant tumor in children and the most common in infants.
In the United States, there are roughly 700 new cases of
neuroblastoma diagnosed each year, which accounts for 1
case in every 100,000 children. Depending on which
literature to cite, neuroblastoma accounts for approximately
8% of all malignant childhood tumors and is responsible for

up to 15% of cancer related deaths in children (1).
Neuroblastoma is one of few solid tumors and the only
childhood solid tumor in which an effect of targeted
immunotherapy has been proven by large, randomized
controlled clinical trials. In addition to this success, the field
is currently exploring a multitude of innovative and
potentially powerful anticancer targets, including the
neurokinin-1 receptor (NK1R) system. In this article, we
seek to explore the recent advances in targeting
neuroblastoma cells specifically via this novel approach as
well as the potential implications for the successful treatment
of this and other tumors. 

Molecular Characteristics of Neuroblastoma

Neuroblastoma is an extremily heterogenous tumor, both
from a clinical and a biological perspective. For example,
while some tumors show very aggressive behavior and have
a dismal prognosis, others regress spontaneously. Much
effort has been invested over the last decades to identify
biological and molecular markers that correlate with the
clinical behavior and can therefore predict outcome and
guide an optimal therapeutic approach. As a matter of fact,
due to the success the field has seen in clarifying important
biological characteristics and molecular patterns in
neuroblastoma, this tumor often functions as a paradigm for
biological risk assessment and treatment assignment (2). 

Perhaps the most important biological characteristic that
predicts clinical behavior in neuroblastoma is the
amplification of the MYCN proto-oncogene in the genome of
neuroblastoma cells. The MYCN oncogene lies within a
region of the distal short arm of chromosome 2 (2p24) and
is overexpressed in about 25% of all neuroblastomas
(defined as greater than 10 copies of the gene per cell).
Interestingly, about 40% of neuroblastomas with advanced

5911

This article is freely accessible online.

Correspondence to: Michael Berger, Department of Pediatric Surgery,
Dr. von Hauner Children’s Hospital, Ludwig-Maximilians-University,
Lindwurmstrasse 4, 80337 Munich, Germany. Tel: +49 89440057811,
Fax: +49 89440057815, e-mail: michael.fabian.berger@gmail.com 

Key Words: Neuroblastoma, neurokinin-1 receptor, substance P,
targeted therapy, pediatric cancer, review.

ANTICANCER RESEARCH 37: 5911-5918 (2017)
doi:10.21873/anticanres.12037

Review

Therapeutic Innovations for Targeting 
Childhood Neuroblastoma: Implications 
of the Neurokinin-1 Receptor System 

MICHAEL BERGER and DIETRICH VON SCHWEINITZ

Department of Pediatric Surgery, Research Laboratories,
Dr. von Hauner Children’s Hospital, Ludwig-Maximilians-University, Munich, Germany



stages carry MYCN amplification, while only 5-10% of
patients with low stage disease show it. This finding is in
accordance with the well-known fact that amplification of
the MYCN gene correlates heavily with rapid tumor
progression and poor outcome. As a matter of fact, in the
current Children’s Oncology Group (COG) Neuroblastoma
risk stratification, unless the tumor is INSS stage I all tumors
that show MCYN gene amplification are considered high-risk
tumors and are treated accordingly with intensified
chemotherapy following myeloablative therapy. 

Another important biological characteristic of neuroblastoma
is its DNA content. A normal diploid cell has 46 chromosomes,
representing 2 copies of each of the 23 chromosomes. In
neuroblastoma, this number can be altered quite considerably,
and oftentimes many more chromosomes can be found. For
example, it is believed that more than half of neuroblastomas
are triploid or near-triploid, containing the according number
of chormosomes (58 and 80, respectively). The remainders of
tumors are considered to be either near-diploid (35-37
chromosomes) or near-tetraploid (81-103 chromosomes) (3).
According to their ploidy, one can calculate a DNA index by
using the ratio of the actual number of chromosomes to the
expected number of 46 (in a normal diploid cell). The DNA
index, by representing the DNA content, was found to correlate
with outcome and survival rates, although to a much lesser
degree than what has been described for the MYCN gene
amplification. At this time, DNA content only has minimal
impact on risk stratification within the current COG staging
system and potentially influences risk stratification only for
infants aged 12-18 months with metastatic disease and infants
with 4S disease. 

Allelic deletions on chromosomes 1p and 11q have,
similar to amplification of the MYCN gene and the tumor
cell’s DNA content, been identified as independent
prognostic markers in neuroblastoma. Allelic deletions on
chromosomes 1p have been described in about 30% and
deletions in 11q in about 40% of tumors. For deletion of 1p,
a loss of a tumor surpressor gene called CHD5 in the region
of 1p36.31 is believed to be the culprit of this altered clinical
behavior. Interestingly, deletion of 11q has been found to be
inversely related to amplification of MYCN, yet despite this
inverse correlation by itself is a marker for worse prognosis.
In the current COG protocol, the intensity of the therapy is
altered for intermediate risk neuroblastomas depending on
the allelic status regarding 1p and 11q. 

Risk Stratification and Conventional 
Treatment Strategies

Neuroblastoma is a very heterogenous tumor, ranging from
spontaneous and complete regression to an aggressive,
therapy-resistant phenotype with a dismal prognosis.
Accordingly, current treatment strategies for neuroblastoma

account for this diversity by risk assessment and treatment
assignment based on a large range of clinical, histological,
molecular and biological markers, the latter two crystalizing
themselves as the most important. Current risk stratification
in neuroblastoma has recently been reviewed extensively,
and as mentioned above, it now serves as a paradigm for risk
assessment based on biological characteristics of the tumor
and has been described extensively elsewhere (2). Therefore,
we here summarize only the key points relevant to the theme
of this article. 

The most important clinical variables (such that appear to
have independent prognostic value) in neuroblastoma for
children are age and stage at diagnosis. For example, the
younger a child is at diagnosis, the better its prognosis,
independent of stage. This correlation appears to continue
over time and, depending on the literature to cite, there
appears to be an age cut-off of 460 days (London et al. (4))
or 18 months (Moroz et al. (5)). Current treatment protocols
of the COG use this insight as part of their risk stratification.
For example, patients of ages 12 to 18 months with stage 3
disease are now considered intermediate instead of high risk
as long as the tumor is not MYCN amplified (but may have
unfavorable histology). Even for stage 4 disease, as long as
the tumor has all favorable biological features, in this age
group the risk will be considered as intermediate, meaning
these children will receive less intensive chemotherapy
compared to the high-risk protocol. 

Stage individually, like age, seems to be an independent
prognostic factor in neuroblastoma. The current staging
systems include the International Neuroblastoma Staging
System (INSS) as well as the newer neuroblastoma staging
system formulated by Monclair et al. in 2009 on behalf of the
International Neuroblastoma Risk Group (INRG) (6). The
INSS is a surgicopathological staging system while the INRG
system focuses on radiographic imaging. While the INSS is
largely used throughout the world, it depends heavily on the
aggressiveness of the surgeon, as well as his precision in
sampling the correct lymph nodes. Further, it cannot
adequately stage those tumors that are being observed (instead
of being biopsied or resected). The INRG tried to address
these shortcomings by developing a complex staging system
on the basis of the absence (L1) or presence (L2) of 20 image-
defined risk factors associated to different anatomical relations
of the tumor. The staging system in its essence boils down to
whether or not vital structures (for example, major vessels) on
imaging appear to be encapsuled by tumor. Although
somewhat cumbersome to apply, the abscense of image-
defined risk factors has been shown to correlate well with safe
and complete tumor resection and is less dependent on the
aggressiveness of the individual surgeon (6). 

One critical feature of neuroblastoma is its histopathology.
Neuroblastomas are divided into four histologic types graded
by the amount of surrounding Schwannian stroma. Essentially,
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the more Schwannian stroma is present, the more mature the
tumor is believed to be. The four subtypes – ganglioneuroma
(Schwannian dominant), ganglioneuroblastoma-nodular
(composite, Schwannian stroma-rich/stroma dominant and
stroma poor), ganglioneuroblastoma-intermixed (Schwannian
stroma-rich), and neuroblastoma (Schwannian stroma poor),
are further differentiated into favorable or unfavorable
histology. The later distinction is made based on the nuclear
morphology of the neuroblastic cells (mitosis-karyorrhexis
index (MKI)) as well as the age of the child (2, 7).

The most important molecular and biological aberrations
in neuroblastoma are, as mentioned above in greater detail,
DNA content (ploidy) and MYCN status. As a matter of fact,
the correlation between MYCN amplification and advanced
disease, tumor progression, and poor prognosis is so strong
that any tumor that carries it is considered high risk,
independent of stage, age, histology or other biological
markers. The only exception to this is a stage I tumor,
defined as a localized tumor with complete resection and
microscopically negative ipsilateral lymph nodes, which is
considered low risk despite MYCN amplification (8, 9). The
DNA content is not as strong a predictor of outcome as
MYCN amplification. In the current COG risk stratification
protocol, DNA content potentially impacts the risk
assignment only of infants between 12 and 18 months of age
with metastatic disease or of infants with 4S disease (2).

Therapeutic Innovations in Neuroblastoma

The large repertoir of potential targets in neuroblastoma was
recently and excellently reviewed by Esposito et al. (10).
Therefore, we will only briefly summarize the most
important current developments and then focus in more
detail on targeting the neurokinin-1 receptor. 

Current therapy of childhood neuroblastoma follows
specific risk stratification and ranges from surgery alone with
observation in certain tumors considered low risk to
intensive induction chemotherapy, myeloablative
consolidation therapy with stem cell rescue, and targeted
therapy for minimal residual disease. The later insight is
particularly important for the topic of this article. At this
time, neuroblastoma is the only solid childhood tumor in
which targeted therapy is part of a standard treatment
regimen. By using specific antibodies against GD2, new
therapies can now potentially target neuroblastoma cells
selectively and mark them for recognition by immune cells.
GD2 is a sugar-fat molecule that is expressed on the surface
of neuroblastoma cells. Because this marking of GD2
involves an antibody (the antibody against GD2), the
immune system can now recognize this cell as foreign or
dangerous and will eliminate the cell that carries it. This
combination of targeted therapy and immunotherapy is what
is ultimately called targeted immunotherapy.

The FDA recently approved the first drug of this kind for
the use in high-risk patients with neuroblastoma. Unituxin
(dinutuximab) showed considerably good results in recent
clinical trials leading up to the approval by the FDA. In a
phase II clinical trial, 40% of children with chemotherapy
resistant neuroblastoma who received the mouse monoclonal
anti-GD2 antibody 3F8 showed a tumor response (11). The
antibody that was used was altered to decrease the
immunogenicity of the murine antibody by constructing it as
a chimeric antibody in which the variable regions of murine
antibody IgG3 antiganglioside GD2 antibody 14.18 were
combined with the constant regions of human IgG1-ĸ. 

In a phase III clinical trial, 226 children with high-risk
neuroblastoma were evaluated. In all of these children, the
tumors shrank or disappeared after treatment with multiple-
drug chemotherapy and surgery, followed by additional
intensive chemotherapy and subsequent bone marrow
transplantation and radiation therapy. After all of these
procedures, all participants received randomly assigned
either an oral retinoid drug, isotretinoin, or Unituxin, in
combination with additional molecules that stimulate the
immune system, such as interleukin-2 and granulocyte-
macrophage colony-stimulating factor. These stimulating
hormone-like molecules appear to enhance the activity of
Unituxin and isotretinoin and are usually given along with
these drugs (12). After two years, in the mentioned study 66
percent of children who received the Unituxin combination
were alive and free of tumor growth or recurrence, compared
to only 46 percent of the children in the control group (who
were treated with isotretinoin alone, which was the former
standard of care). After a data update at a later time point,
73 percent of those who received the Unituxin combination
were alive, compared with only 58 percent of those receiving
isotretinoin alone (the NNT for Unituxin was 7).
Consequently, despite a few significant side effects including
irritation of nerve cells, severe pain, and upper airway
swelling with difficulty breathing, low blood pressure, bone
marrow suppression, and a few others, targeted
immunotherapy with Unituxin is currently standard for all
high-risk neuroblastoma patients. The approval of Unituxin
by the FDA was the first approved new cancer drug for
children in over twenty years.

Immunotherapy is powerful and has tremendous potential.
Unfortunately, despite the success in the treatment of a few
adult tumors and in neuroblastoma, substantial challenges
with targeted therapy, including targeted immunotherapy,
remain. Nobody yet knows whether tumor cells can escape
targeted therapy or even targeted immunotherapy the way
they escape the body’s immune system and chemotherapy.
The hope is that they cannot, but many researchers in the
field worry that with repeated exposure – similar to the
effects seen for chemotherapy – the cancer cells may find
way to escape our immune system. In this sense (but not
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necessarily for this reason), AstraZeneca’s pin up drug for
targeted therapy Imfinzi in a global, multicenter Phase III
trial recently failed to improve the progression-free survival
(PFS) in previously-untreated patients with metastatic (Stage
IV) 1st-line non-small cell lung cancer (NSCLC). Imfinzi’s
active component is durvalumab, a human monoclonal
antibody directed against programed death ligand-1 (PD-L1),
which blocks PD-L1 interaction with PD-1 and CD80 on T
cells and thereby counters a tumour’s immune-escaping
tactic and induces a favorable immune response (a summary
of these preliminary results of the MYSTIC trial can be
found on AstraZeneca’s website). 

One problem with targeted therapies that has emerged
already is that they are often only cytostatic, whereas standard
chemotherapy agents are cytotoxic. Therefore, more often than
not, the few targeted therapies that do show a clinically proven
effect have to be used together with chemotherapy. As in
advanced neuroblastoma, this therapy does not yet replace but
is administered in addition to the intensive and debilitating
chemotherapy, surgery, and bone marrow transplantation.
Thus, if targeted therapy cannot replace or reduce the
necessity of chemotherapy, it loses its magic. 

In this respect, targeting the ALK thyrosine kinase has
important implications for targeting neuroblastoma.
Mutations in ALK are known to play a pivotal role in the
development of neuroblastoma and such mutations are found
specifically in familial cases of neuroblastoma. Mutations in
ALK seem to play a role not only in neuroblastoma, but also
in a large variety of other malignancies. Thus, targeting ALK
is currently considered a promising target in many cancers. 

With respect to neuroblastoma, it was found that ALK
serves as a target of the MYCN transcription factor.
Consequently, one must automatically link the implications
of MYCN amplification on prognosis to ALK, making it an
even more unique target in neuroblastoma. Originally,
targeting of ALK was tried with antibodies, but was not
found very successful. Newer generations of ALK inhibitors
intrinsically inhibit this receptor system. The most known
anti-ALK drug is the compound crizotinib and is currently
marketed by Pfizer. It has shown promising results in the
treatment of patients with deregulated ALK function (13-15).
A large variety of additional molecular targets exist for
neuroblastoma and are currently being investigated as
anticancer agents (2, 10). To date, none other to what was
mentioned above has made it to the bedside. 
The NK1R system in cancer. The existence of the neurokinin-
1 receptor and its ligand are known for decades, however, its
involvement in the formation of cancer is a rather recent
understanding. The gene for this receptor, TACR1, is located
on chromosome 2 in humans and consists of a total of 5
exons. The full-length version of the NK1R consists of a total
of 417 amino acids. The NK1R belongs to a larger family of
neurokinin receptors, which in humans include the

neurokinin-2 receptor (NK2R) and neurokinin-3 receptor
(NK3R), which are encoded by TACR2 and TACR3 genes,
respectively. The different neurokinin receptors are not only
expressed in different areas of the body, they also have
different affinities to their respective ligand of the tachykinin
family. Importanly, the natural ligand of the NK1R seems to
be substance P (SP), a critical neurotransmitter. Independent
of the affinities to their different respective ligands, all
neurokinin receptors belong to the G-protein coupled
receptors (GPCRs), and several groups of G proteins have
been found to couple to the receptor, including Gαq, Gαs and
the Gαi (16, 17). Together these receptors possess a
regulatory role in a broad variety of physiological and
biological processes that range from the regulation of
endocrine and exocrine secretions to neurological activity and
here especially nociception. More recently, the neurokinin
receptors have been found to have profound implications not
only in the regulation of physiological cell growth but
especially in inflammation and carcinogenesis. It was this
latter understanding discovered in recent years which has put
this receptor family, initially heavily researched back in the
1970s, into the spotlight of current anticancer research. 

The NK1R has been described to have a crucial role in the
carcinogenesis of a large variety of adult and childhood
cancers, and several key biological and molecular concepts
have become apparent. Like other GPCRs, after binding of
its ligand and receptor activation, the NK1R undergoes rapid
desensitization and internalization through phosphorylation
processes (18). This mechanism seems to rely in part on β-
arrestin/clathrin proteins and seems to be crucial for this
receptor system’s innate inhibitory feedback loop.
Importantly, a splice variant of the NK1R was recently
described that seems to have important implications in
carcinogenesis by breaking up the receptor’s innate feedback
loop (19, 20). 

In the event of failure to remove the intron between exons
4 and 5 during the splicing process of TACR1, a premature
stop codon appears early, which cuts the expressed protein
short. The resulting protein lacks 96 amino acids at the C-
terminus and has been found to be associated with a loss of
internalization and consequently its innate feedback loop.
Initially, very little interest was given to the role of this
truncated (tr-) splice variant of the NK1R, partially because
its role was poorly understood. In an important study
regarding this subject Patel et al. showed in 2005 that the
stable transfection of truncated but not full length NK1R
expression vectors in non-tumorigenic breast cells caused a
significantly increased proliferation rate and a transformation
in phenotype, indicating that in breast cancer it may be the
truncated rather than the full length spice variant that is the
culprit of NK1R’s role in carcinogenesis (20). 

What seems to be the case for breast cancer appears to be
true equally for other tumors. Gillespie et al. found that it
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was the expression of tr-NK1R and not fl-NK1R that
predicted the progression from quiescent colitis to high-grade
dysplasia and cancer in colitis-associated cancer (21). Our
own evidence published previously on this topic identified
the truncated splice variant of the NK1R to be the dominant
splice product in hepatoblastoma (22). In this same special
issue of Anticancer Research, we further published a study
analyzing primary tumor cells from children with
neuroblastoma and were able to confirm that for this tumor,
similarly to hepatoblastoma and other tumors, it is the
truncated version of the NK1R that is highly expressed. 

The NK1R system as a potent anticancer target in
neuroblastoma. The NK1R has become an interesting target
in a large variety of childhood cancers, including several
forms of leukemia, osteosarcoma, and hepatoblastoma (22-
25). In a recent study Henssen et al. added neuroblastoma to
this list (26). These authors demonstrated that human
neuroblastoma cell lines such as IMR5, SK-N-BE, SK-N-
AS, SY5Y and Kelly express NK1R and can be growth
inhibited both in vitro and in vivo by NK1R inhibitors. These
findings are in accordings with unpublished data in the
neuroblastoma cell line Kelly (Muñoz, Berger et al.,
unpublished observation). Henssen et al. further showed that
TACR1 inhibition with NK1R inhibitors repressed E2F2 and
induced TP53 signaling. Consequently, in their study, mice
harboring established neuroblastoma xenograft tumors
treated with aprepitant, a small molecule that inhibits NK1R
activation, showed a signicantly reduced tumor burden. 

The authors further found that inhibition of NK1R reduced
cell viability mostly in cells with high expression levels of
NK1R and its downstream target phosphorylated SRC kinase
(p-SRC). Consequently, the authors observed a more
pronounced induction of cell death/apoptosis in cells with high
expression levels of NK1R and p-SRC. On the other hand, cells
with low expression levels of NK1R and p-SRC were found to
undergo cell cycle arrest rather than cell death or apoptosis.
Hence, the level of expression of NK1R predicted the
therapeutic response to NK1R antagonists. This effect was
partially reversible by adding NK1R agonists such as SP. This
latter finding identified the targeting effect of the used NK1R
inhibitor to be specific (SP’s is known to have a stronger
binding affinity than most NK1R inhibitors, including
aprepitant) (19, 27). These data are in accordance with our own
findings recently published for hepatoblastoma and
osteosarcoma (22, 23). Based on these data it is reasonable to
believe that NK1R has a mitogenic role in neuroblastoma and
establishes the NK1R as a novel therapeutic target for
neuroblastoma. 

Potential agents for targeting NK1R. NK1R antagonists are
approved for clinical use by the Food and Drug
Administration (FDA) in the form of the compound

aprepitant (Emend®) as an antiemetic medication since 2003.
Aprepitant is a small molecule with a molecular mass of
534,43 g/mol. From a clinical perspective, aprepitant was first
described to have a particularily strong effect in nausea and
vomiting that is associated to chemotherapy (28). There have
been several large prospective randomized clinical trials
investigating the role of NK1R antagonists as antidepressants,
with mixed results (29). There is strong evidence
accumulating recently from a large number of prospective
randomized controlled clinical trials showing efficiency of
NK1R inhibitors in postoperative nausea and vomiting in
both adults and children for a large variety of different
surgeries (30-36). No NK1R antagonist to date is approved
specifically for cancer therapy, and there are currently no
ongoing clinical trials that assess their therapeutic potential
regarding cancer.

When using NK1R antagonist for cancer therapy, one
must consider that the dose needed to cause an anticancer
effect may be several times higher compared to doses needed
to create an antiemetic effect (37, 38). However, even high
doses of NK1R antagonists have been given to humans under
standardized and controlled conditions and have been found
to be tolerated well (29). Importantly, while aprepitant is
applied strictly orally, its prodrug fosaprepitant can be safely
applied intravenously. This option can have distinct clinical
advantages particularily when cancer is to be treated in
children or in very advanced stages in which the
gastrointestinal tract may be compromised, which is often
found in advanced stages of neuroblastoma with its intensive
and often debilitating therapy. 

Interestingly, NK1R antagonists such as aprepitant have
been successfully used as off label drugs in chronic pain.
Together with nausea and vomiting as well as depression and
axiety, chronic pain is one common side effect of the
invasive anticancer therapy in advanced neuroblastoma. It
will be interesting to investigate wheather an anticancer
strategy against neuroblastoma that includes NK1R
antagonists as targeted therapy can simultaneously abrogate
some of these debilitating clinical side effects. 

Another way of targeting the NK1R system is by targeting
the NK1R’s natural ligand SP, hence indirectly targeting the
NK1R. This concept has been described successful in
experimental settings in breast cancer and other malignant
cells by using specific antibodies against SP (39, 40).
Targeting SP with specific antibodies showed decreased cell
survival and increased apoptosis similarly to what has been
observed for direct NK1R antagonists (39, 40). 

Future research. Many questions regarding the exact role of the
NK1/SP receptor system in neuroblastoma remain unanswered.
Unfortunately, many previous studies – both in neuroblastoma
as well as in other tumors – did not include the distinction
between the full length and the truncated version of the NK1R,
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now considered a crucial component of NK1R targeting related
research. In this same sense, one may ask whether the
expression of the NK1R receptor, or that of its different splice
variants, correlates with the clinical behavior of the tumor and
could potentially predict outcome or treatment response.
Although somewhat equivocal, evidence from research in breast
cancer had previously suggested the existence of such a
correlation (41). Our results published in this same special
edition of Anticancer Research in primary neuroblastoma cells,
in this sense, showed increased gene expression levels of tr-
TACR1 and low gene expression levels of fl-TACR1. However,
gene expression levels were independent from clinical markers
like INSS stage, MYCN status, histology, and outcome. These
results are in accordance with results we have previously
published for hepatoblastoma (42). 

Another important focus of future research for targeting
NK1R in neuroblastoma is its downstream mechanism. It has
long been described that activation of NK1R leads to
phosphoinositide hydrolysis, calcium mobilization and
subsequent calcium-dependent signaling activation via kinases
such as SRC, at least under physiologic circumstances.
Whether these same signaling mechanisms occur in cancer
cells is unclear. Henssen et al. reported that NK1R inhibition
in neuroblastoma repressed E2F2 and induced TP53 signaling,
and that this effect may be in part due to activation of SRC
(26). In a recent publication regarding the downstream
signaling following NK1R inhibition in hepatoblastoma, we
found potent inhibition of the AKT/mTor pathway, with
subsequent strong inhibition of 4E-BP1/2 and p70S6K, both
downstream members of the AKT pathway (25).

The inhibition of p70S6K and 4E-BP1/2 created by
targeting the NK1R is in accordance with other reports in
breast, colon and prostate cancer cells (39). In addition to the
inhibition of the AKT pathway, in hepatoblastoma cells we
recently described a flagrant reduction of FOXM1. FOXM1
is a key interacting protein of the canonical Wnt pathway
and here responsible for the translocation of β-catenin into
the nucleus. This potent crosslink between the NK1R and the
canonical Wnt pathway, until then believed to be two
completely separate tumor targets, was the first time an
inhibition of the Wnt pathway has been described by
targeting the SP/NK1R complex (25). Certainly, this new
insight opens hope for therapeutic options in which both
NK1R and the canonical Wnt pathway could be targeted
simultaneously to generate a strong anticancer effect. Future
research will show whether such a potent crosslink exists for
NK1R downstream signaling in neuroblastoma. 

One other interesting field of ongoing research in
neuroblastoma is the role of cancer stem cells (CSCs). CSCs
represent a small fraction of tumor cells within a given tumor
that are similar to but hierarchically superior to regular tumor
cells. These cells typically demonstrate properties that are
similar to physiologic stem cells needed for tissue renewal

and healing under normal conditions. In tumors, compared
to normal cells they have been found to have a capacity for
self-renewal, proliferate more viciously, and are heavily
responsible for tumor maintenance and metastasis.
Importantly, CSCs have been found to be exponentially more
resistant to chemotherapy and radiation compared to their
normal tumor cell counterparts. Consequently, CSCs are
currently being heavily researched in order to generate
stronger, more effective and more lasting anticancer tools. 

Although somewhat tricky to characterize, CSCs have
successfully been described in neuroblastoma (43-45). Typical
cell surface markers that have been associated with CSCs in
neuroblastoma are CD114, CD117, CD133, and ABCG2 (44).
There is now accumulating evidence for hepatoblastoma that
NK1R may be highly expressed in CSCs of that tumor and can
be readily targeted with NK1R antagonists. For example, our
data show that the application of NK1R antagonists not only
diminished the sphere-formation capacity of hepatoblastoma
cells, but also decreased the expression of liver-specific CSC
markers and selected ESC genes (25). Importantly, liver
specific CSCs could be successfully targeted with NK1R
antagonists such as aprepitant. Whether such potential exists
for neuroblastoma remains to be clarified but would be an
interesting approach for further investigation in the field of
neuroblastoma research. 

Conclusion

Despite significant advances in the field of neuroblastoma
research high-risk neuroblastoma continues to have a poor
prognosis. The NK1R system has been described to have a
significant role in the carcinogenesis of a large variety of
tumors, including many childhood cancers. Consequently,
NK1R is a promising anticancer target and NK1R inhibitors
such as the clinical drugs aprepitant and its prodrug
fosaprepitant are considered potent and promising anticancer
agents. Although research on the NK1/SP receptor system is
limited in neuroblastoma, it appears from new evidence that
NK1R is expressed in neuroblastoma independenly of its
subtype and that NK1R inhibitors may be a new and
promising target in childhood neuroblastoma. More research
is needed to clarify the exact role of the NK1/SP receptor
system in neuroblastoma in order to elucidate its exact
biological role and its clinical implications.
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