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Abstract. In order to develop a relevant xenogenic animal
model of neuroblastoma (NB), we compared the
tumorigenicity and metastatic potential of SK-N-SH and SK-
N-DZ NB cell lines in nude mice and NOD/SCID I12rg null
(NSG) mice. Subcutaneous injection of cell lines induced
tumor formation only in NSG mice and was accompanied by
metastasis to the liver, adrenal glands, skull and bone
marrow. NSG mice injected intravenously showed a profile
of distant metastatis that was not observed in nude mice. In
addition, tumor growth rates and organ infiltration patterns
associated with injected NB cell lines correlated with the in
vitro proliferation properties and genetic markers of poor
prognosis in NB patients. We also showed that cisplatin
chemotherapy was able to inhibit tumor growth. These
results clearly demonstrate the higher tumorigenic and
metastatic potential of NB cells in NSG mice. Therefore, this
xenograft NB model should prove useful in testing the
efficacy of new therapeutic approaches for NB.

Neuroblastoma (NB) is the most common and deadly
extracranial solid tumor of childhood as it accounts for 6-8% of
all childhood cases of cancer (1). It is also responsible for
approximately 15% of all paediatric oncology deaths (2). The
main clinical problem in treating NB is metastasis, specifically
metastatic stages III and IV according to the International
Neuroblastoma Staging System (1, 2), because metastatic
lesions are often resistant to current therapies. About half of all
patients with NB present metastasis at the time of diagnosis (2).
The incidence of metastasis to various sites at diagnosis is as
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follows: 70.5% to bone marrow, 55.7% to bone, 30.9% to
lymph nodes, 29.6% to liver, 18.2% to the cranium, 3.3% to
lung, and 0.6% to the CNS (3). Altogether, fewer than 30 to
40% of patients with NB survive despite aggressive treatment
combinations that involve multiagent chemotherapy, surgery,
autologous bone marrow transplantation, and radiation (3-5).
Therefore, stage-specific and patient-specific innovative
therapies are urgently needed. The development of such
therapies and their translation into the clinic relies on the use of
animal models that mimic features of the human disease. In this
regard, xenograft mouse models represent an attractive strategy.
Immunodeficient mice that cannot reject xenotransplanted
cells have been shown to be the best living recipient for
developing xenograft models of human cancer (6-8). To date,
the most extensively used mouse strain for developing NB
xenograft models are SCID mice (9-12), SCID/beige mice (13,
14) and nude mice (5, 15-19) that are all T-cell deficient hosts.
However, all these mouse strains display residual immune
functions, in particular, natural killer (NK) cells that can inhibit
tumor formation and metastatic spread of cancer cells (20, 21).
Therefore, the recently described NOD/SCID/interleukin-2
receptor y (/12rg) null (NSG) mice have been shown to be one
of the most immunodeficient mouse hosts to date since these
mice are deficient in both T and B lymphocytes, do not have
any NK cells, and display impaired dendritic cell functions
(22). This improved immunodeficient profile has established
NSG mice as the new ‘gold standard’ for human
haematopoietic stem cell (23-25) and cancer research. Indeed,
NSG mice have been shown to be better recipients than
NOD/SCID, nude or other immunodeficient mouse strains for
developing and studying various xenograft models of human
cancer, such as melanoma (20, 26, 27), leukemia (28),
pancreatic (29), cervical (30) and breast cancer (31).
Recently, NSG mice have been used in an NB xenograft
model for studying tumor-infiltrating human lymphocytes in
subcutaneous (s.c.) tumors of NB cells embedded in
Matrigel® (32). However, such an artificial basement
membrane-like matrix is known to enhance tumor growth
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and metastasis (33, 34), hence modifying the intrinsic
tumorigenic properties of cancer cells and the pathogenesis
of the related disease itself. Another report described the
intravenous (i.v.) injection of NB cell lines into NSG, SCID-
beige, and nude mice, and demonstrated that the use of NSG
mice was advantageous in therapeutic and survival studies
(35). However, the metastatic potential of free NB cells
injected into NSG mice needs to be investigated further in
order to validate the use of these mice as a relevant xenograft
model of human NB and as a preclinical model for the
development of new therapeutic strategies.

Therefore, we report here the study of the potential
tumorigenicity of two NB cell lines, by evaluating proliferation
rates and metastatic spreading capacity of these cell lines
injected i.v. or s.c. without the use of an artificial matrix into
NSG mice as compared to nude mice, which are still the most
frequently used mouse strain for xenograft models of NB. We
also studied the efficacy of cisplatin chemotherapy on tumor
growth and metastatic potential in NSG mice.

Materials and Methods

Cell lines. SK-N-SH and SK-N-DZ NB cell lines were obtained
from the American Type Culture Collection (ATCC) (Manassas, VA,
USA). NB cell lines were maintained in culture in Dubelcco’s
Modified Eagle’s Medium (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% foetal bovine serum (FBS) (Life
Technologies) and gentamycin 10 ug/ml, and incubated at 37°C in
5% CO,. Cells at 80-90% confluency were passaged using 0.25%
trypsin-EDTA (Life Technologies).

Cell proliferation assay. SK-N-SH and SK-N-DZ NB cells were
seeded in triplicate into 96-well plates and incubated for 24 h at
37°C. Cells were then incubated with methylthiazole tetrazolium
(MTT) solution for 4 hours (Promega — Fisher Scientific, Nepean,
ON, Canada). Absorbance at 570 nm of the formazan product
(indicative of cell viability) was measured in a SpectraMax 190
microplate reader (Molecular Devices, Sunnyvale, CA, USA). Each
experiment was repeated at least three times.

DNA extraction and single nucleotide polymorphism (SNP)
genotyping. DNA was extracted from SK-N-SH and SK-N-DZ cell
lines using QIAamp® DNA Mini Kit (Qiagen, Mississauga, ON,
Canada). SNP genotyping was performed with the Genome-Wide
Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA),
containing more than 906,600 SNPs and more than 946,000 probes for
the detection of copy number variation, according to the
manufacturer’s recommendations. Briefly, 500 ng of DNA was
digested with restriction enzymes (Nspl and Styl) followed by ligation
to Nspl and Styl adaptors. Ligated DNA was amplified by PCR and
purified using a filter plate. The DNA was subsequently fragmented
and end-labelled prior to being hybridized to the SNP array.
Hybridized chips were then washed, incubated with streptavidin-
phycoerythrin (SAPE), and stained with a biotinylated anti-streptavidin
antibody. The chips were scanned with a GeneChip Scanner 3000 7G
(Bedford, UK) according to the manufacturer’s instructions. Data was
processed with Genotyping Console software (Affymetrix) and
analyzed with Chromosome Analysis Suite software (Affymetrix).
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Animal experiments. NSG mice were purchased from Jackson
Laboratory (Bar Harbor, ME, USA) and B6.Cg-Foxnlnu/] (nude)
mice were purchased from Taconic (Germantown, NY, USA). The
protocol of the present study was approved by our Good Laboratory
Practices for Animal Research (GLPAR) Institutional Committee
(Protocol #C328). All mice were housed under pathogen-free
conditions in the animal facility and received autoclaved water and
food. Seven-week-old NSG and nude mice were used in the study.
SK-N-SH and SK-N-DZ cells were suspended in phosphate-buffered
saline (PBS) at 5x107 cells/ml. A total of 5x10° cells (100 ul) were
injected either s.c. into the left flank (n=31) or i.v. (n=29) into the
lateral tail vein using a 28-gauge needle. Mice injected s.c. were
monitored three times a week for tumor growth. Tumor size was
measured with a Vernier caliper and tumor volume was calculated
using the ellipsoid formula (length x width x height x 0.52). Blood
was collected weekly and evaluated for the presence of circulating
NB cells. Mice were sacrificed when limit points were reached as
requested by our GLPAR committee. Mice injected s.c. were
sacrificed when the tumor size reached 2,500 mm3 or greater. At the
time of sacrifice, subcutaneous tumor (if present), liver, adrenal
glands, blood, spleen, lungs, femurs, and brain were harvested and
evaluated for tumor cell infiltrate by histopathology and flow
cytometry. Mice injected i.v. were sacrificed 6 weeks post-injection
of NB cells to evaluate cell infiltrate in target organs. To test the
efficacy of chemotherapy in our mouse model, mice injected s.c.
with NB cells were treated with cisplatin (Mayne Pharma, Kirkland,
QC, Canada) (n=6) delivered i.p. at 8 mg/kg from day 10 to 13 post-
cell injection, as reported by others (36, 37). Mice receiving PBS at
the same time were used as negative controls (n=0).

Flow cytometry. Detection of NB cells in the blood by flow
cytometry was conducted following red cell lysis with ammonium
chloride. Organ single-cell suspensions were obtained by crushing
one half of the organ in PBS through a 70 pm strainer. Femurs were
flushed with PBS using a 28-gauge needle to obtain cell suspensions
from bone marrow. Detection of NB cell lines by flow cytometry
was performed as described by Nagai et al. (38). Briefly, cells were
stained with monoclonal antibodies against human CD81
(Fluorescein isothiocyanate(FITC)-conjugated) and human CD56
(Phycoerythrin(PE)-conjugated) with 7-amino actinomycin D (7-
AAD) added for exclusion of nonviable cells from the assay. All
flow cytometry reagents were purchased from BD Biosciences
(Mississauga, ON, Canada). Acquisition of samples was performed
on a FACSAria (BD Biosciences) and data were analysed using
Diva software (BD Biosciences).

Histology and immunohistochemistry. Formalin-fixed, paraffin-
embedded (FFPE) sections, 4 um thickness, were haematoxylin,
eosin and saffron (HES) stained and examined using an optical
microscope (Zeiss, Germany). Immunohistochemistry (IHC) was
performed on 4 um FFPE sections using Ultraview Universal DAB
detection kit (Ventana Medical Systems, Tucson, AR, USA). Mouse
monoclonal anti-human neuron-specific enolase (NSE) (E27
Ventana; Ventana Medical Systems) and mouse monoclonal anti-
CD56 (1B6 1:20; Vector Laboratories, Burlingame, CA, USA) were
applied for 16 min, followed by application of the Ultraview
Universal DAB detection kit. Metastatic sites composed of NB cells
in the target organs were assessed by qualitative analysis under
optical microscopy. Normal mouse or rabbit IgG, at same
concentration as the primary antibody served as a negative control.
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Figure 1. In vitro proliferation of SK-N-SH and SK-N-DZ NB cell lines.
NB cells were cultured for 24 h and then incubated with MTT for 4
hours. The figure shows the results of three independant experiments
each performed in triplicate.

Statistical analysis. The statistical significance of the differences in
tumor growth was assessed using the Mann-Whitney test and the
differences in metastatic incidence were assessed using the Fisher’s
exact test. P-values <0.05 were considered statistically significant.
All statistical analyses were performed using GraphPad Prism 5™
software (GraphPad Software, La Jolla, CA, USA).

Results

Proliferation rate and genotypic analysis of SK-N-DZ and SK-
N-SH cell lines. We performed an in vitro MTT proliferation
assay to compare the proliferation rates of SK-N-DZ and SK-
N-SH cell lines. We observed that the proliferation rate was
higher for SK-N-DZ cells than for SK-N-SH cells (p=0.0479)
(Figure 1). We also performed genetic analysis of the cell lines
to assess myc myelocytomatosis viral-related oncogene,
neuroblastoma-derived (MYCN) amplification, loss of
heterozygosity/deletion of chromosomes 1p, 11q, and 14q, and
gain of chromosome 17q, which are all known to be associated
with a worse prognosis in NB patients (39-42). We detected
MYCN amplification only in SK-N-DZ cells and we observed
1p, 11q, and 14q deletions in SK-N-DZ cells but not in SK-N-
SH cells (Table I). Neither of the cell lines showed a 17q gain.

Subcutaneous injection of NB cells in NSG mice. Primary
tumor: The s.c. injection of free SK-N-SH and SK-N-DZ cells
gave rise to the rapid growth of subcutaneous tumors at the site
of injection for all NSG mice (Figure 2A and Table II), while
no tumors were observed in any of the nude mice (n=6) for up
to 7 months following injection (data not shown). The absence
of NB cells in nude mice was confirmed by immuno-
histological analysis of the skin at the site of injection (data not
shown). Tumors were detected earlier in NSG mice injected
with SK-N-DZ cells than in those injected with SK-N-SH cells,
as shown by the linear regression of the tumor size with the

Table 1. Genetic alterations of NB cell lines.

Cell line MYCN Ipdel 1lqdel 14qdel 17q gain
status

SK-N-DZ Amplified + + + -

SK-N-SH 2 Copies - - - -

MYCN status, loss of heterozygosity of the 1p, 11q and 1l4q
chromosomes and gain of the 17q chromosome were performed by SNP
genotyping of SH and DZ NB cells cultured in vitro. del: Deletion.

day of observation (p<0.0001) (Figure 2B). Indeed, detection
of tumors ranged from day 32 to day 63 (mean=45.1+3.2) for
mice injected with SK-N-SH cells, while it ranged from day
16 to day 41 (mean=30.1+2.7) for mice injected with SK-N-
DZ cells (p=0.0002) (Figure 2). Tumor growth continued to
increase rapidly thereafter, with doubling times of 3.21+0.22
days and 2.78+0.17 days (although not significant, p=0.14) for
SK-N-SH- and SK-N-DZ-injected mice, respectively. Mice
injected s.c. were sacrificed when their tumors reached 2,500
mm3, as established by our GLPAR institutional committee. At
the same time, we also sacrificed three nude mice injected s.c.
with either SK-N-SH or SK-N-DZ cells and evaluated them for
the presence of NB cells in the target organs. At necropsy, a
large subcutaneous tumor was observed in all NSG mice
injected with these cell lines (Figure 3A and Table II) while no
tumors were observed in nude mice. Microscopic analysis
showed that all tumors were comprised of sheets and cords of
small undifferentiated cells typical of NB (Figure 3B). Tumor
cells displayed membrane expression of CD56 and cytoplasmic
expression of NSE by IHC, as did the target organs with large
numbers of apparent mitotic figures (data not shown). There
were no obvious differences in the morphology of tumors
generated from the different cell lines and there were no signs
of differentiation (e.g. detection of neuropils or ganglion cells).
The tumor stroma was well vascularized, possibly contributing
to the rapid growth of the tumor, and haemorrhage was also
observed in the periphery of the tumor, typical of haemorrhagic
human NB (43) (Figure 3A). The tumors, however, did not
contain cells of schwannian stroma.

Metastasis: Strikingly, after s.c. injection of either cell line,
we observed distant metastatic sites of free NB cells in some
NSG mice (Table II). Indeed, liver metastasis was detected in
4 out of 13 NSG mice injected with SK-N-SH cells and in 2
out of 15 NSG mice injected with SK-N-DZ cells, while
intracranial metastasis was detected only in NSG mice injected
with SK-N-DZ cells (4 out of the 15; p=0.10, Table II). This
intracranial metastasis was detected as tumor arising from the
dura and in the epidural space, without invasion of the
leptomeninges or brain parenchyma. Furthermore, metastasis
to the adrenal glands was observed in one NSG mouse
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Figure 2. Subcutaneous tumors are detected earlier in NSG mice injected with SK-N-DZ cells than these injected with SK-N-SH cells. A: Tumor
volume was measured three times a week after s.c. injection of SK-N-SH (dotted line) or SK-N-DZ (solid line) cells into NSG mice. Each curve
represents the tumor volume in a single mouse. B: Linear regression of tumor volume measured over time calculated for NSG mice injected with SK-

N-SH cells (n=13) or SK-N-DZ cells (n=15).

Table I1. Tumor growth and detection of metastasis’ in mice injected s.c. with NB cell lines.

Mouse Cells Day of Hepatic Adrenal glands  Intracranial ~ Circulating Lungs Splenic Bone marrow
strain sacrifice metastasis metastasis metastasis cells metastasis metastasis metastasis
NSG SK-N-SH 58+3 4/13 1/13 0/13 0/13 0/13 0/13 0/6
NSG SK-N-DZ 39+3 2/15 0/15 4/15 0/15 0/15 0/15 1/6

TDefined as detection of NB cells by immunohistology. Circulating cells were detected in blood by flow cytometry.

Table I11. Tumor growth and detection of metastasis' in mice injected i.v. with NB cell lines.

Mouse Cells Hepatic ~ Adrenal glands Intracranial Circulating Lungs Splenic Bone marrow
strain metastasis metastasis metastasis cells metastasis metastasis metastasis
NSG SK-N-SH 10/10 5/10 1/10 1/10 0/10 1/10 3/4
NSG SK-N-DZ 15/16 2/16 6/16 4/16 2/16 0/16 3/4

TDefined as detection of NB cells by immunohistology. Circulating cells were detected in blood by flow cytometry.

injected with SK-N-SH cells, as well as in the bone marrow
of another NSG mouse injected with SK-N-DZ cells.
Histologically, these metastases corresponded either to isolated
cells or to small nests of less than ten cells. No metastases
were found in the spleen, the lungs or the circulation. Flow
cytometric analysis of the tumor cell population revealed that
the cells consisted primarily of CD81 */CD56 * SK-N-DZ or
SK-N-SH cells (Figure 4). In most cases, CD81 */CD56 * NB
cells were detected by flow cytometry when a metastasis was
found by immunohistology. On the other hand, no tumor cells
were detected in the organs of any of the nude mice injected
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s.c. with either cell line. Furthermore, nude mice sacrificed 7
months following the injection of NB cells with these cell
lines did not have detectable metastasis to any of the organs
examined (data not shown).

Intravenous injection of NB cells in NSG mice. Mice injected
iv. with NB cells were sacrificed at day 42. Widespread
metastasis profile was detected in NSG mice injected with
either cell line (Table III), while in nude mice the presence of
NB cells in the target organs, whether by IHC or by flow
cytometry (n=6), was never observed. More precisely, we
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Figure 3. Representative gross and light microscopy images of subcutaneous tumors in SK-N-DZ- or SK-N-SH-injected NSG mice. A: A subcutaneous
tumor in an NSG mouse injected with SK-N-SH cells showing tumor vascularization and the presence of haemorrhage in the periphery of the tumor.
B: Haematoxylin, eosin, and saffron stained sections of a subcutanenous tumor from an NSG mouse injected with SK-N-SH cells showing the

presence of sheets and cords of small undifferentiated cells typical of NB.

found liver metastasis in all NSG mice injected with SK-N-SH
cells (n=10) and in 15 out of 16 mice injected with SK-N-DZ
cells (Table IIT). The hepatic colonization by NB cells after i.v.
injection in NSG mice was characterized macroscopically at
necropsy as small white tumor masses. Immunohistological
analysis of the liver of NSG mice showed multiple metastases
composed of small blue cells with high membranous
expression of CD56 and high cytoplasmic expression of NSE,
corresponding to the hepatic location of the NB cells (Figure
5). Metastasis to the adrenal glands was also observed in two
SK-N-SH- and five SK-N-DZ-injected mice.

Furthermore, we detected intracranial metastasis in 1
mouse out of 10 injected with SK-N-SH cells and in 6 mice
out of 16 injected with SK-N-DZ cells. Metastasis to the
skull was significantly more pronounced with SK-N-DZ cells
than with SK-N-SH cells, when taking into account both
administration routes (s.c. and i.v.) (p=0.0159). In addition,
circulating NB cells in mice at the time of sacrifice were
detected in the blood by flow cytometry in 1 out of 10 mice
injected with SK-N-SH and in 4 out of 16 mice injected with
SK-N-DZ cells (Table III). With i.v. injection, as opposed to
s.c. injection, we detected a low level of metastasis to the

spleen (1 out of 10 with SK-N-SH) and to the lungs (2 out of
16 with SK-N-DZ). Finally, both SK-N-SH and SK-N-DZ
cells were observed in the bone marrow of most of the
studied NSG mice (3 out of 4 in both cases).

Cisplatin treatment in NSG mice injected s.c. with NB cells.
NSG mice injected s.c. with either SK-N-SH or SK-N-DZ cells
were treated with cisplatin (8 mg/kg) from day 10 to 13 after
cell injection. Cisplatin-treated mice showed a significant delay
in the appearance of tumors compared to PBS-treated mice
(n=3 in each group, p<0.0001 for SK-N-SH and SK-N-DZ
cells) (Figure 6). Although metastasis was not observed in mice
treated with cisplatin when compared to untreated mice, the
difference was not significant (p=0.14).

Discussion

We investigated whether the NSG mouse strain was a better
xenograft mouse model of human NB compared to the well-
established nude mouse strain. Our results clearly show that
the NSG mouse is a much better tool than the nude mouse
to develop a relevant xenograft model of NB. Indeed, we
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Figure 4. Metastases consist mainly of CD56- and CD81-expressing cells as measured by flow cytometry. A: Surface expression of CD56 and CD81
in cultured SK-N-SH cells. B: Representative analysis of a subcutaneous tumor harvested at time of sacrifice from an NSG mouse injected with SK-
N-SH cells. C: Representative analysis of a liver from a non-injected NSG mouse. D: Liver metastasis from an NSG mouse injected with SK-N-SH
cells. E: Representative analysis of a brain from a non-injected NSG mouse. F: Brain metastasis from an NSG mouse injected with SK-N-SH cells.
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Figure 5. Detection of high level expression of CD56 and NSE in a liver metastasis. A: A haematoxylin, eosin, and saffron stained section of a liver from
an NSG mouse injected i.v. with SK-N-SH cells. B: Membranous expression of CD56 by IHC. C: Cytoplasmic expression of NSE in metastatic nodules.

A 4000, SK-N-SH erms B o SK-N-SH . PBS
~ = Cis 100 g " = Cis
£ 3000 S |a" 2 =0.00503
= 2 s0- -

E g - "
-é g o e .o° °s
. & ll' s o ?=0.0318
g 2 4048 v
= 10004
RS a 20
p<0.0001
G T c T T T 1
0 50 100 150 0 2000 4000 6000 8000
Days post-injection Tumor volume (mm®)

C o SK-N-DZ , e PBS D o SK-N-DZ R
o ! -= Cis - 2=0782 - Cis
< 4000- / 2 407 gl R

7 E ] -_'__.v’
5 .“ il - s °* Y ™
s i w e . -9
g i =3 e
<] w 204 ®
: s
= (a]
0 p<0.0001
o 10 20 30 4 50 0 2000 4000 6000 8000
Days post-injection ke volame {mm3}

Figure 6. Cisplatin treatment significantly delays the appearance of tumors. NSG mice were injected s.c. with SK-N-SH or SK-N-DZ cells and
subsequently treated from day 10 to 13 with cisplatin at 8 mg/kg (n=3, solid line), or PBS (n=3, dotted line). A and C: Tumor volume was measured
three times a week after injection. Each curve represents tumor growth in a single mouse. B and D: Linear regression of tumor volume with time.

P<0.0001 for both cell lines.
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showed that unlike nude mice, NSG mice injected s.c. with
SK-N-SH or SK-N-DZ NB cell lines displayed rapid tumor
formation at the injection site. Previous studies had shown
that following s.c. injection, NB tumor formation was more
likely to occur when using cells suspended in a basement
membrane-like matrix extract in nude (5, 44), SCID/beige
(14), and NSG mice (32). In the present study, the induction
of tumor growth in NSG mice was observed after s.c.
injection of NB cell lines without the need for any basement
membrane-like matrix. These basement membrane-like
matrix extracts (e.g. Matrigel®) are composed of murine or
bovine proteins and can contain growth factors, all of which
can influence the immunopathology of NB (34, 45).

Flickinger et al. (16) and Kang et al. (46) reported that
subcutaneous tumor growth occurred in nude mice inoculated
with free NB or SK-N-SH cells 3 to 6 weeks post-injection,
as described by Yang er al. (19) using 1x107 NBL-W-S cells;
however, tumor growth kinetic data was not reported. In our
study, we never detected any evidence of tumor growth in the
nude mice under similar conditions for up to 7 months
following cell injection. The tumor growth rate obtained in
NSG mice was approximately twice as rapid when compared
with other s.c. human NB xenograft mouse models, the best
reported tumor doubling time being 5 days, as has been
observed in nude mice injected s.c. with tumor fragments
obtained by in vivo passage with SK-N-SH cells (17).

Our results also suggest that the NSG xenogenic model of
NB can be used to assess the tumorigenicity and the
aggressivity of tumor cells in vivo. Indeed, we found that
SK-N-DZ cells had a higher invasive capacity since the
kinetics of tumor appearance was significantly faster with
SK-N-DZ than SK-N-SH cells following s.c. injection.
Moreover, intracranial metastasis was observed with
significantly greater frequency with SK-N-DZ than SK-N-
SH cells. These in vivo results are in accordance with our in
vitro findings that SK-N-DZ cells have a higher proliferation
rate than SK-N-SH cells and display genotypic alterations,
such as MYCN amplification and 1q, 11q and 14q deletions,
known to be associated with poor prognosis in NB patients
(39-42). The amplification of the human MYCN oncogene is
the most powerful predictor of treatment failure in childhood
(47). Furthermore, MYCN amplification has been shown to
increase the invasive potential of NB cells (48). These
observations suggest that specific tumorigenicity kinetics of
NB cells lines in vivo in NSG mice parallel their in vitro and
oncogenic properties.

Subcutaneous tumor growth after injection of free cancer
cells in NSG mice has been shown previously with cervical
cancer cells (30), but metastatic potential was not
investigated. The s.c. injection of free NB cells along with
their metastatic profile in NSG mice has never been
systematically investigated previously. In our study, s.c. NB
tumor formation was accompanied, in some NSG mice, by
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spontaneous distant metastasis to the liver, adrenal glands,
cranium and bone marrow. In most of the reported xenograft
models of NB, metastasis was observed only when NB cells
were injected i.v. (5, 15, 43) or into orthotopic sites (13, 49,
50). Recently, the presence of metastasis after s.c. injection
of free NB cell lines has been reported under specific
conditions, with metastasis restricted to certain organs.
Indeed, some reports described pulmonary metastasis after
s.c. injection of SK-N-SH cells with or without Matrigel® in
SCID mice (9, 12, 51), while no pulmonary metastasis was
observed in our model, in NSG mice after s.c. injection. One
possible explanation for this could be that free NB cells
injected s.c. subsequently invade the blood circulation and
are then trapped in the liver preferentially over the lungs in
the NSG strain compared to other immunodeficient strains.
In another recent study, micrometastasis was detected by
PCR in bone marrow, spleen and liver after 2-3 months
following s.c. injection of small numbers of SK-N-SH cells
embedded in Matrigel® in NOD/SCID mice preconditioned
with the alkylating agent, busulfan (52). By comparison, in
our model, we detected metastasis without the need for PCR
amplification or ablative conditions in bone marrow, spleen
and liver of NSG mice in a shorter time period using higher
cell numbers.

When NB cells were injected i.v., NSG mice formed tumor
nodules in the liver, while no tumors were observed in nude
mice, thereby affirming the efficient cell dissemination and
metastatic potential in NSG mice compared to nude mice. In
addition, NSG mice exhibited infiltrating NB cells in adrenal
glands, cranium, bone marrow, lungs and spleen. A previous
study evaluated the metastatic profile of three NB cell lines
injected 7.v. into NOD/SCID mice, and at time of sacrifice, NB
cells were detected in bone marrow and kidney as the major
infiltrated organs; in contrast with the present study, however,
they did not detect NB cells in liver or brain (53). The only
study that reported the i.v. injection of NB cell lines into NSG
mice was published by Brignole et al. (35), but the metastatic
potential in target organs was not investigated.

Interestingly, the metastatic profile observed in mice in the
present study is very similar to the characteristic pattern of
metastatic sites found in human NB. Indeed, the frequency of
metastasis to the liver and cranium in humans and in our
mouse model is not that different (30% and 20%,
respectively) (3). Metastasis to the CNS and lungs is rare in
humans, as in our model, and is typically considered a
terminal event (50, 53, 54). Metastasis to the bone marrow is,
however, less frequent in our model. Lymph nodes could not
be studied in our mouse model since NSG mice do not have
lymph nodes. Finally, the high frequency of metastasis to the
adrenal glands (7 out of 26) is very relevant since half of all
primary NB tumors in humans arise in the adrenal medulla
(1, 3). This suggests that the adrenal tissues of NSG mice are
a favourable niche for the growth of injected human NB cells.
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We also showed that cisplatin treatment inhibited tumor
growth in NSG mice, as reported for other xenograft models
(36, 37, 55), thereby demonstrating that the NSG xenograft
model of NB could be used as a preclinical model to test the
efficacy of novel chemotherapeutic agents prior to their
validation in clinical trials.

In summary, we have described the tumor growth kinetics
and the metastatic dissemination of free NB cell lines after
s.c. and i.v. injection in NSG mice in order to generate a
straightforward and relevant xenograft model of human NB.
The simplicity of s.c. injection of cell lines described herein
overcomes all the technical drawbacks involved in the use
of more complex injection procedures such as orthotopic or
secondary engraftment of metastatic tumors. Moreover,
since NSG mice display very severe immunodeficiency,
devoid of T-, B-, and NK-cells (22), these mice should prove
very useful as a preclinical model to test new
immunotherapeutic strategies. Indeed, it is very likely that
immunotherapeutic effects observed, when NB cells are
injected into NSG mice, will be strictly related to the effect
on the injected cells and not on the residual immune system
of the mice. Moreover, NSG mice have been described as a
very relevant model for graft-versus-host disease that can be
initiated simply by injecting human peripheral blood
mononuclear cells (56, 57). Therefore, by using NSG mice,
it should be possible to test whether the immunotherapeutic
strategy can induce graft-versus-host disease, thereby
making it possible to evaluate the efficacy and safety of a
given immunotherapeutic strategy in the same mouse model,
a strategy that is less appropriate in nude mice.

Altogether, our data clearly demonstrate that NSG mice
are much more useful than nude mice for the establishment
of a relevant xenograft model of human NB. This model will
give us the opportunity not only to study the pathogenesis of
human NB but also to test the efficacy and safety of new
therapeutic approaches, and has thus the potential to greatly
facilitate their clinical application.
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