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Overexpression of the human MYCN oncogene driven by a tyrosine hydroxylase promoter
causes tumours in transgenic mice that recapitulate the childhood cancer neuroblastoma.
To establish an in vitro model to study this process, a series of isogenic cell lines were devel-
oped from these MYCN-driven murine tumours. Lines were established from tumours arising
in homozygous and hemizygous MYCN transgenic mice. Hemizygous tumours gave rise to cell
lines growing only in suspension. Homozygous tumours gave rise to similar suspension lines
as well as morphologically distinct substrate-adherent lines characteristic of human S-type
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neuroblastoma cells. FISH analysis demonstrated selective MYCN transgene amplification
in cell lines derived from hemizygous mice. Comparative genomic hybridisation (CGH) and
MYCN oncogene fluorescence in situ hybridisation (FISH) analysis confirmed a range of neuroblastoma-associ-
Transgenic mice

Murine cell lines

ated genetic changes in the various lines, in particular, gain of regions syntenic with human
17q. These isogenic lines together with the transgenic mice thus represent valuable models
for investigating the biological characteristics of aggressive neuroblastoma.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction MYCN is a strong prognostic indicator of poor clinical out-

come and is associated with advanced-stage disease, rapid

Neuroblastoma, a tumour consisting of undifferentiated
neuroectodermal cells of the sympathetic nervous system,
is the most common extracranial tumour of childhood
and accounts for 15% of cancer-related deaths in chil-
dren."? MYCN gene amplification is the best characterised
genetic aberration described in neuroblastoma to date,
occurring in 25-30% of neuroblastomas.’> Amplification of
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tumour progression and a survival rate of less than
15%.2% A murine model of neuroblastoma, established by
targeted expression of the human MYCN oncogene in neu-
roectodermal cells of transgenic mice, has provided defini-
tive evidence for the role of MYCN in neuroblastoma
tumourigenesis.* This model closely mirrors human neuro-
blastoma with respect to location, histology, expression of
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neuronal markers and syntenic chromosomal alterations in
murine tumours.>®

The MYCN gene encodes a nuclear phosphoprotein that
functions as a transcriptional regulator of genes that may
be involved in neuroblastoma pathogenesis.” Established
MYCN target genes include ornithine decarboxylase (ODC)”®
and multidrug resistance-associated protein 1 (MRP1).>'°
ODC is the rate-limiting enzyme in the production of polyam-
ines and its over-expression has been associated with a vari-
ety of malignancies.”* MRP1 is a membrane-bound
glycoprotein that confers resistance to many of the cytotoxic
drugs used in the treatment of neuroblastoma.'® We have pre-
viously shown a strong correlation between both MYCN and
MRP1 expression,'®'*® as well as MYCN and ODC gene
expression.”’

Human neuroblastoma cell lines have been shown to con-
sist of a mix of different cell types including neuroblastic (N-
type) cells, substrate-adherent (S-type) cells and morphologi-
cally intermediate (I-type) stem cells that display a capacity
for phenotypic interconversion between both N-type and S-
type lineages.’®'® N-type cells express high levels of neuronal
markers including MYCN and tyrosine hydroxylase (TH),
while S-type cells appear to be non-tumourigenic cells
expressing genetic markers including S100A6 and vimentin.

In this study, we have developed and characterised genetic
changes in a series of isogenic cell lines from the TH-MYCN-
driven murine tumours. The tumours used to derive the cell
lines were obtained from mice that were either homozygous
or hemizygous for the MYCN transgene. The cell lines exhib-
ited many of the molecular and biological features character-
istic of both the primary murine tumours and clinical
neuroblastoma.

2. Methods

2.1.  Derivation of cell lines from TH-MYCN transgenic
murine tumours

Transgenic murine neuroblastomas were passed through a
stainless-steel sieve to obtain a cell suspension. The cells
were maintained in RPMI-1640 medium (Invitrogen) supple-
mented with 2 mM t-glutamine, 107> mM, 2-mercaptoethanol,
1mM sodium pyruvate, 1x non-essential amino acids and
20% v/v heat-inactivated foetal calf serum (Trace Scientific).
All suspension cells were cultured in 24-well plates and pas-
saged every second day, while the adherent cells were cul-
tured in T75 flasks. All cell lines have been in continuous
culture for at least 12 months, and all results reported here
have been obtained from cells cultured for 3-12 months.

2.2.  Cell ploidy

Splenocytes from transgenic mice were purified and 10° cells
resuspended in PBS and fixed on ice by the addition of an
equal volume of 60% ice-cold ethanol. Tumour cells were also
resuspended in PBS and fixed as described. Fixed cells
(2.5 x 10°) were incubated in PBS containing 50 uM propidium
iodide (Sigma) and 2 pg/ml RNase (Boehringer Mannheim) for
30min on ice. Samples were run on a FACSCalibur flow
cytometer (Becton Dickinson) and FL2-A was acquired for

each cell population. The DNA index of the tumour cell lines
was calculated as the ratio of the tumour cell peak channel/
splenocyte peak channel.

2.3.  Fluorescent immunocytochemistry

All cell lines were centrifuged onto glass slides and fixed prior
to immunostaining for MYCN, odc and mrp1 as previously de-
scribed.’” An identical immunostaining protocol was used to
detect S100A6. The immunodetection of TH was modified by
fixing the cytocentrifuged cells in 4% v/v paraformaldehyde/
PBS for 10 min at room temperature. S100A6 protein was de-
tected with the use of a rabbit anti-human antibody (1/25
dilution; DakoCytomation) followed by incubation with a
Cy3-conjugated goat anti-rabbit antibody (1/2000 dilution;
Amersham). TH was detected with the use of a rabbit anti-
rat polyclonal antibody (1/200 dilution; Chemicon Interna-
tional Inc.) followed by incubation with a Cy3-conjugated goat
anti-rabbit antibody (1/2000 dilution; Amersham).

2.4. RNA isolation and gene expression analysis

Total cellular RNA was extracted and cDNA synthesised as
previously described.’ The mouse ACTB (beta-actin) gene
was used as an internal control for all reverse transcription
PCRs. Human MYCN, murine odc and murine mrpl gene
expression was determined by real-time PCR analysis using
the AAC' method as previously described.” The primer and
probe sequences for Human MYCN, murine odc, murine
mrpl and murine ACTB have been previously described.'’
Expression of the TH and S100A6 genes relative to the ACTB
control was determined by 35 cycles of conventional RT-PCR
with the following TH and S100A6 primer sequences: MTH43S
5'-GCTTCAGAAGAGCCGTCTCAGA-3/, MTH149A 5'-CTCCTT-
GCGGGCATCCT-3’; S100A6F 5'-TGGCTCCAAGCTGCAGG-3',
S100A6R 5'-CCCAGGAAGGCGACATACTC-3'. All analyses of
gene expression were performed on at least three separate
occasions.

2.5. Chromosome preparations

Cell cultures were treated with colchicine (5 pg/ml) at 37 °C
(30 min), harvested and pelleted. Pellets were resuspended
in 75 mM KCl and incubated at 37 °C for 10 min. Carnoy fixa-
tive was added to the suspension prior to centrifugation at
2500 rpm (5 min). The pellets were resuspended in fixative
and incubated at room temperature (20 min), followed by pel-
leting and two further washes with the fixative.

2.6.  Fluorescence in situ hybridisation (FISH)

A fresh cut surface from the tissue was touched gently on to
the glass slides, fixed in cold methanol (20 min) followed by
Carnoy fixative at room temperature, then dehydrated in an
ethanol series and air-dried. The transgene plasmid
PTHMYCN was labelled with digoxigenin-11-dUTP using
nick-translation (Roche). Slides were denatured in 70% v/v
formamide at 72 °C, dehydrated and air-dried. Probe (100 ng/
slide) was denatured in hybridisation solution (10 min)
at 72°C and incubated overnight on slides sealed with
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coverslips. The slides were washed twice in 2x SSC (10 min,
64 °C), once in 0.1x SSC (10 min, 64 °C), once in 0.1x SSC
(10 min, RT) and equilibrated in 4x SSC, 0.1% v/v Tween. FISH
signal detection and washes were carried out with a rhoda-
mine conjugated anti-digoxigenin antibody (Roche) according
to the manufacturer’s protocol. The slides were counter-
stained with DAPI and analysed by fluorescence microscopy.
In addition, double-colour FISH was also used to analyse the
murine neuroblastoma cell lines for the presence of chromo-
some 11 gain as we have previously described.”®

2.7.  Microarray-based comparative genomic hybridisation
(CGH)

Array CGH analysis was performed as described previously.®
Briefly, genomic DNA (cell line or tumour) and reference
DNA (normal mouse spleen) were labelled with Cy3 or CyS5,
respectively. The labelled probes were combined and hybri-
dised to slides containing arrays of murine BACs providing
5-Mb average resolution across the genome. The slides were
imaged using a CCD camera and spot statistics were analysed
as described.®

2.8.  Engraftment of cell lines into nude mice

Nude mice (nu/nu) of BALB/c background were housed in ven-
tirack cages, given sterile water and fed ad libidum. Mice were
five weeks old at the time of injection and all experimental
procedures were approved by the UNSW Animal Care and
Ethics Committee and conducted under the Australian Code
of Practice for the Care and Use of Animals for Scientific Pur-
poses (1997). For nude mouse inoculations, cells were washed
in RPMI media and viable cell number was determined using
trypan blue exclusion. For suspension lines, cell number was
estimated by comparing the pellet size to that of the adherent
lines, since an accurate cell count could not be determined
due to clumping of cell aggregates. Cells (5 x 10°) were mixed
with 1 mL ice-cold Matrigel Base Membrane matrix (BD Sci-
ences) and injected subcutaneously into both flanks of anaes-
thetised mice. Mice were monitored daily for 1 week following
injection and measured every second day thereafter for tu-
mour growth using vernier calipers. Tumour mass in milli-
grams was calculated using the formula LxW?%2 with L
being the length of the longest side and W being the length
(width) of the smallest side of the tumour.”*

3. Results

3.1.  Morphological characterisation of murine tumour-
derived cell lines

A total of six cell lines were derived from neuroblastoma tu-
mours arising in four transgenic mice, two of which were
homozygous and two hemizygous for the TH-MYCN trans-
gene. Interestingly, the tumours derived from homozygous
mice each gave rise to a suspension (NHO1S and NHO2S)
and an adherent (NHO1A and NHO2A) cell line, while the
two hemizygous tumours only gave rise to suspension cell
cultures (NHE1S and NHE2S) (Fig. 1). The suspension cultures
had similar growths rates with the exception of the more

slowly growing NHO2S cells, and all were morphologically
similar, comprising mostly large cellular aggregates of small
round cells. A persistent population of adherent cells was ob-
served in NHO1S cell cultures, despite the repeated selective
passage of only the suspension cell population. All suspen-
sion cell lines had higher nuclear:cytoplasmic volume ratios
than both adherent cell lines. The adherent cell line NHO1A
had an epitheloid-like morphology, while the faster growing
NHO2A cell line displayed a fibroblast-like appearance (Fig. 1).

3.2.  Analysis of cytogenetic aberrations

We have previously demonstrated that tumours of mice
hemizygous for the MYCN transgene, but not those homozy-
gous, display increased numbers of copies of the transgene
in the tumour cells.>'®'” FISH analysis was performed to
quantify MYCN transgene copy number in tissues and cell
lines from the TH-MYCN mice (Fig. 2). Increased transgene
dosage was evident in both tumours and cell lines derived
from mice hemizygous for the transgene compared to normal
tissues (Fig. 2a—c). Thus, spleen showed one MYCN transgene
signal at interphase FISH (Fig. 2a), while tumours and cell
lines showed two or more transgene hybridisation signals
(Fig. 2b and c). As anticipated, mice homozygous for the
transgene showed two MYCN signals in normal spleen, and
this copy number was evident both in tumours and in derived
cell lines (Fig. 2d-f).

Gain of chromosome 17q is the most common cytogenetic
alteration found in human neuroblastoma. Human chromo-
some 179 is syntenic to regions on murine chromosome 11.
We therefore analysed the murine neuroblastoma cell lines
by FISH with a chromosome 11 painting probe. Cells derived
from the hemizygous tumour NHE1S and cells derived from
the homozygous tumour NHO2A showed gain of murine
chromosome 11 and included a region syntenic to human
chromosome 17q (Fig. 3). Interestingly, in NHO2, this gain is
limited to the adherent cell line and is absent in the suspen-
sion cell line.

To investigate the presence of other cytogenetic abnormal-
ities in the murine cell lines, we undertook both karyotype
and microarray-based CGH analyses (Table 1). Karytope anal-
ysis demonstrated that each of the cell lines was diploid or
near diploid with the exception of NHO2A, which at early cul-
ture passages displayed an approximately equal ratio of dip-
loid and tetraploid cells. After a further three months in
culture, the tetraploid population gradually disappeared.
The chromosomal content of the cell lines was confirmed
by DNA ploidy analysis (Table 1).

Both karyotype and CGH microarray analyses demon-
strated multiple chromosomal abnormalities in the cell lines.
In most cases, there was consistency between the two analy-
ses. While the chromosomal abnormalities observed in the
suspension and adherent cell lines derived from tumour
NHO1 were quite similar, consistent with their common ori-
gin, there were dramatic differences between the chromo-
somal abnormalities observed in the suspension and
adherent cell lines derived from tumour NHO2. Thus NH02S
demonstrated trisomy of chromosomes 1 and 6, however, nei-
ther of these changes was observed in NHO02A. Instead, the
latter line demonstrated multiple, variable chromosomal



1470 EUROPEAN JOURNAL OF CANCER 43 (2007) 1467-1475

Fig. 1 - Cellular morphology of murine neuroblastoma cell lines. Two tumours homozygous (HO) for the MYCN transgene each
gave rise to a suspension (S) and an adherent (A) cell line, while two hemizygous (HE) tumours only gave rise to suspension
lines. Suspension cell lines grew as dense cell aggregates, whereas adherent cell lines grew as monolayers with variable
morphology, ranging from epithelioid (NHO1A) to fibroblast-like (NHO2A). Cells were photographed at 100x magnification.

Spleen

Tumor Cell line

Fig. 2 - FISH analysis of the MYCN transgene copies in spleen (a and d), tumour (b and e) and cell line (c and f) derived from the TH-
MYCN transgenic mice. Examples shown are from the hemizygous mouse NHE1 (a—c) and the homozygous NHO1 (d-f) mouse.
Similar findings were observed for the other hemizygous (NHE2) and homozygous (NH02) mice (Table 1). Results from spleens
and tumours are shown for interphase hybridisations. The cell line results from hybridisation on metaphase spreads. Arrows
indicate the MYCN transgene signals on the murine chromosomes.

changes on karyotypic analysis, which were subsequently
shown by CGH microarray to involve gain of several chromo-
somal regions including the 11q region previously demon-
strated by FISH analysis, as well as partial loss of
chromosome 14.

The karyotypes of the two hemizygous cell lines were both
distinct from each other, and from the patterns observed in
the homozygous cell lines. The karyotype of NHE2S was rela-
tively normal, with the exception of a proportion of cells hav-
ing an extended chromosome 3. This change was reflected on
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Green: Mouse 11q paint

Red: BAC from
region syntenic
to human 17q

Fig. 3 - FISH analysis of murine chromosome 11 gain in
NHE1S neuroblastoma cells. The white arrow indicates an
additional fragment of the distal part of chromosome 11
translocated onto a marker chromosome. The BAC probe
maps to a region of mouse chromosome 11 syntenic to
human 17q and is labelled in red, while the murine
chromosome 11 paint is labelled in green. (For interpreta-
tion of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

CGH microarray where the profile similarly suggested gain in
the middle portion of this chromosome. In contrast, NHE1S
displayed numerous karyotypic abnormalities and many of
these changes were confirmed by CGH microarray including
whole chromosome gain of chromosomes 1, 15 and 18, as well
as chromosome X loss. CGH microarray also demonstrated
gain on chromosome 11.

A number of the chromosomal changes observed in the
cell lines are in common with those that we have previously
described in murine neuroblastoma tumours.*® A detailed
comparison of the chromosomal changes observed in the
murine transgenic cell lines and the corresponding human
chromosomal positions is shown in Table 2.

3.3. Neuroblastoma-associated genes expression

To investigate whether any differences in expression patterns
of neuroblastoma-associated genes would be observed be-
tween the cell lines, we examined the expression of a number
of genes at both the RNA (Fig. 4) and protein (Fig. 5) levels. As
anticipated, all six cell lines displayed MYCN oncogene
expression; however, both NHO1A and NHO2A adherent cell
lines displayed considerably lower levels of MYCN compared
to the four suspension lines. The highest level of MYCN
expression was observed in NHEI1S suspension cells. The
expression levels of murine odc and mrpl, that have previ-
ously been shown to be MYCN target genes, were found to
parallel MYCN expression in the panel of six cell lines
(Fig. 4a). These findings were confirmed at the protein level,
with staining for MYCN, odc and mrp1 being much more pro-
nounced in the suspension than the adherent cultures
(Fig. 5a).

Clear expression of the neuronal marker, TH, was ob-
served in all four suspension cell lines, while the level of
expression of this gene was markedly reduced in both the
adherent cell lines (Figs. 4b and 5b). In contrast to all the other
genes examined, high level expression of the S-type marker,
S100A6, was observed in the two adherent cell lines NHO1A
and NHO2A (Fig. 4b), a result confirmed by strong cytoplasmic
staining for this protein in these lines (Fig. 5b). The NH02S cell
line was the only one of the suspension cultures to display
similarly high levels of S100A6. Co-expression of high levels
of S100A6 together with TH in the NHO2S cell line is consis-
tent with the I-type phenotype previously described in cul-
tured human neuroblastoma lines.*®*?

Table 1 - Genetic and cytogenetic analysis of TH-MYCN transgenic murine tumour-derived cell lines

Cell line MYCN FISH Ploidy Chr11 FISH Karyotype CGH microarray
Gain Loss
NHE1S+/-2 3 1.23 Gain 41-42 1, 8, 15, 18, X
Part 3
Part 11
NHE2S+/- 2 1.18 Normal Normal, 3+ Part 3
NHO1S+/+° 2 1.13 Normal Normal, 5+ Part 15 Part 1
Part 6
NHO1A+/+ 2 1.18 Normal Normal, 5+ Part 10 Part 6
Part 15
NHO2S+/+ 2 1.15 Normal 41, +1, +6 1,6
NHO2A+/+ 2-3 1.41 Gain 42-43, Part 2, part 8, part 10, part 11, part 19 Part 14
(2.35)° (76-80)°

a Hemizygous for the MYCN transgene.
b Homozygous for the MYCN transgene.

¢ For the cell line at early passage, where approximately 50% of the population was tetraploid.
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Table 2 - Comparison of murine and syntenic human chromosomal gains and losses in the murine neuroblastoma cell

lines

Cell line Chromosome Chromosomal location Human position
NHE1S 1 gain ? Whole chromosome 8q, 2p,q, 6p,q, 59, 13q, 1q, 4q, 18q
3 gain ? 67 to end 3q, 4q, 1p,q, 7p
8 gain ? Whole chromosome 19p, 13q, 4q, 10p, 8p, 16q, 1q
11 gain ? 97 to end 17p,q
15 gain Whole chromosome 22q, 12q, 8q, 5p
18 gain ? Whole chromosome 18p,q, 5q, 10p, 2q
NHE2S 3 gain 95-140 1p, 4q
NHO1S 1 loss 94-122 5q, 18q
6 loss 12.9-34 7p,q
15 gain 77 to end 22q, 12q
NHO1A 6 loss 12.9-34 7p,q
10 gain 92.3-122 12q
15 gain 77.5 to end 22q, 12q
NHO2A 2 gain 77.6 to end 2q, 11p,q, 15q, 20p,q
8 gain ? 19-74 19p, 13q, 4q, 8p
10 gain 147 to end 12q
11 gain * Beginning to 76 22q, 7p, 2p, 5q, 16p, 17p,q
14 loss 46 to end 14q, 13q, 8p
19 gain Beginning to 34 11q, 9p,q
a Changes also observed in the TH-MYCN neuroblastoma by Hackett et al. (2003).
a 5.001 T
3.4. Engraftment of murine tumour-derived cell lines into 4.00
nude mice 3.001
MYCN 5 o ]
. . N . . 1.00 |‘| |—| |l|
To 1nvest1.gate the Fumoungenlc potential of th(.e m.urme tu- -
mour-derived cell lines, cells from each of the six lines were 2.50 o -
injected into the flanks of nude mice and monitored for tu- 12'23:
mour formation. All four cell lines derived from tumours odc ' o
homozygous for the MYCN transgene resulted in reliable tu- 0.50
mour formation within a fortnight of allotransplantation 1.20 1 -
(Fig. 6). Interestingly, no significant differences were observed 1.00 1 T
between the suspension and adherent cell lines derived from ; g'gg ]
. . m 60 1
the tumours homozygous for the transgene, in terms of either P 0.40 1
tumourigenicity or latency. Of the two cell lines derived from 0.20 1
tumours hemizygous for the transgene, NHE2S failed to result )
in tumour development in nude mice. The other line, NHE1S, b
consistently led to tumour formation; however, the latency 2.501
was substantially increased by comparison with the homozy- 2001
. . 1.50
gous cell lines (Fig. 6). ™H 04
0.50 1
1.20 1
4. Discussion 1.00
0.80
510046 ¢ ]
The targeting of the human MYCN gene to mouse neural crest 0.40-
cells has provided direct evidence of the critical contribution 0.201 |L| |l|
of this oncogene to the malignant phenotype of neuroblas- RS < o o @
. . . N5 &
toma. Neuroblastoma tumourigenesis in these mice corre- §2~O ézso e‘?‘ ézso QQ é?f"

lates with transgene dosage, and similarly to human
neuroblastoma, we have also demonstrated amplification of
the MYCN transgene.®'®'” The development and character-
isation of unique isogenic cell lines from tumours arising in
these transgenic mice further extends the utility of this mod-
el. Importantly, these cell lines displayed molecular and bio-
logical features characteristic of clinical neuroblastoma and
in conjunction with the transgenic mice, the cell lines should

Fig. 4 - Relative expression of neuroblastoma-associated
genes in murine transgenic cell lines. RT-PCR analysis of
MYCN, odc, mrp1 (a), TH and S100A6 (b) gene expression in
adherent (dark bars) and suspension (shaded bars) cell lines.
Expression of each of the genes was determined relative to
the internal ACTB control gene as described in Section 2. Data
represent the means * SE from triplicate assays
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a NHO1A NHO1S

MYCN

OoDC

MRP1

TH

S100A6

Fig. 5 - Immunohistochemical detection of MYCN and MYCN-associated targets. Positive staining of MYCN, odc, mrp1 (a) and
TH (b) in the suspension cell line (NHO1S) is indicative of an N-type (neuronal) phenotypic variant, whereas positive staining
of S100A6 (b) in the adherent cell line (NHO1A) suggests that this cell line has an S-type (substrate adherent) or I-type
(intermediate) phenotype. Slides were counterstained with DAPI to indicate location of cells.

prove valuable for basic and pre-clinical studies of neuroblas-
toma biology and treatment.

In addition to MYCN amplification, a number of genetic
alterations have been implicated in the pathogenesis of neu-
roblastoma. In particular, gain of human chromosome 17q is
frequently observed in human neuroblastomas,?” and avail-
able evidence suggests that it is associated with aggressive,
advanced stage disease and poor clinical outcome.?® We have
previously demonstrated that gain of chromosome 11, corre-
sponding to 179 gain in humans, occurs in up to 30% of MYCN
transgenic murine tumours and is one of the most common
genetic changes observed in these tumours.*® Furthermore,
this region of gain is conserved in neuroblastomas occurring
in man, mouse and rats.?° The finding of gain on distal chro-
mosome 11 in two of the six murine neuroblastoma cell lines
reduces the smallest region of overlap of chromosome 11 gain
to 15Mb.

Karyotype and array CGH analyses of the murine cell lines
identified a range of additional cytogenetic abnormalities,
with many consistent with those described by us and others

in both primary TH-MYCN tumours and human neuroblas-
toma. For example, mouse chromosome 6 gained in NHO2S
has significant homology with human chromosomes 7 and
12, which are gained in 50% and 15% of human cases, respec-
tively. In addition, of the six chromosomal alterations ob-
served in the NHE1S cell line, five were identical to the
genetic changes most frequently observed in a previous study
of primary TH-MYCN tumours.® These changes, including the
gain of parts or all of the chromosomes 1, 3, 8 and 18, in addi-
tion to 11q gain, correspond to frequently gained chromo-
somes 1q and 18q in human neuroblastoma. The two
hemizygous-derived cell lines, NHE1S and NHE2S, demon-
strated increased copies of the MYCN transgene, consistent
with our previous findings in the tumours of MYCN transgenic
mice.®?®" Increase in copy number of the MYCN transgene in
cell lines and tumours hemizygous for the transgene appears
to be a reliable phenomenon, since we have recently derived
two further cell lines from tumours of mice hemizygous for
the MYCN transgene, both of which demonstrate increased
MYCN copy number. Thus, the results of our chromosomal
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Fig. 6 - Engraftment of murine neuroblastoma cell lines into
nude mice. Single cell suspensions from NHO1A (V), NHO1S
(4), NHO2A (), NHO2S (A) and NHE1S (®) at 5 x 10° cells per
graft were inoculated into both flanks of nude mice at day 0.
The tumour development was monitored for up to 50 days
by measuring with vernier calipers, and tumour mass (mg)
was calculated using the formula shown in Section 2. Data
shown here are means * SE of three grafts on two separate

mice.

analyses indicate that the murine tumour-derived cell lines
share molecular profiles in common with those of childhood
neuroblastoma, and suggest that these lines represent clini-
cally relevant models of this disease.

Gene expression analysis in our panel of murine cell lines
showed MYCN expression correlated with specific cell pheno-
types. Murine suspension cell lines that were phenotypically
similar to N-type human neuroblastoma cells expressed high
levels of MYCN, while the substrate-adherent cell lines had
markedly reduced expression. High expression of S100A6 in
the adherent cell lines, together with their non-neuronal mor-
phology, suggested that these lines represent the murine
equivalent of S-type human neuroblastoma cells. Previous
studies in human neuroblastoma cell lines have shown that
MYCN expression, regulated by differentiation state, directly
modulates the malignant potential of neuroblastoma cells.?*
Thus, N-type human neuroblastoma cells preferentially
expressing MYCN are tumourigenic when xenografted into
nude mice, while S-type cells are non-tumourigenic. The abil-
ity of the S-type adherent murine cell lines, derived from tu-
mours homozygous for the MYCN transgene, to form tumours
more aggressively than the N-type murine cell lines, derived
from tumours hemizygous for the MYCN transgene, appears
counterintuitive. This is particularly the case since the MYCN
transgene selectively undergoes amplification in both tu-
mours ¥ and tumour cell lines derived from hemizygous
mice, and hence, it might have been anticipated that these
cells would be associated with increased tumourigenicity
and malignant potential. The present findings, however, dem-
onstrating reduced tumourigenicity of the cell lines derived
from mice hemizygous for the MYCN transgene, are in fact
entirely consistent with our previous observations of sponta-
neous tumour formation in MYCN transgenic mice, where
MYCN hemizygous mice were found to have both decreased
tumour incidence and increased tumour latency by compari-
son with homozygous mice.>™* The results suggest the exis-
tence of intrinsic biological differences between tumour
cells arising from mice either homozygous or hemizygous
for the transgene and warrant further investigation.

In conclusion, we have demonstrated in this study that
many of the molecular and biological features of our murine
TH-MYCN tumour-derived cell lines are similar to those found
in TH-MYCN primary tumours and clinical neuroblastomas.
The conservation of characteristic neuroblastoma-specific
cytogenetic alterations and biological features between
human neuroblastoma and our murine cell lines suggests
that core pathways contribute to the malignant phenotype.
Our murine cell lines thus represent a reliable model for
studying neuroblastoma pathogenesis, and should provide a
valuable tool for the preclinical testing of novel therapies for
this disease.
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