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Reelin signalling in neuroblastoma:
Migratory switch in metastatic stages
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Abstract. The essential functions of Reelin for the migratory
behaviour of neuroblasts in the central nervous system are well
documented. Its role in the dissemination of neuronal tumours
of the peripheral nervous system has not been studied in detail.
Here, we examined neuroblastoma (NB), a tumour derived from
sympathoadrenal cells of neural crest origin. We studied the
expression of Reelin, its receptors VLDLR and LRPS8 and the
adapter protein DABI in primary tumour samples and cell lines.
We used real-time RT-PCR, immunohistology and western blot
analysis. In NB cell lines we studied effects of all-trans reti-
noic acid and the in vitro effects of Reelin. In primary tumour
samples of untreated patients, a significant downregulation of
Reelin and DAB1 mRNA was found in the metastatic stages 3,
4 and 4s. Immunohistochemical studies revealed expression of
Reelin, LRP8 and DABI in differentiating-type low-grade NB.
In vitro, western blot analysis of selected NB cell lines showed
variable expression patterns. Differentiation induction with
all-trans retinoic acid induced the upregulation of Reelin and
DABI. Reelin acted as a chemoattractant for various NB cell
lines but inhibited migration when applied together with the NB
cells. In normal tissue, we found Reelin in lymphatic endothe-
lial cells (LECs) but not in blood vessel endothelium (BECs).
In primary NB, both BECs and LECs were positive. Our data
strongly suggest that Reelin has a dual role in NB. Autocrine
expression marks low-grade differentiating tumour cells,
whereas paracrine Reelin presented by LECs and BECs may
act as a chemoattractant and promote hematogenic and lympho-
genic dissemination in progressed stages.
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Introduction

Neuroblastoma (NB) is a tumour of the neural crest-derived
sympathetic nervous system and is therefore predominantly
located in the paravertebral sympathetic trunk and in the
adrenal medulla. It is the most frequent extracranial solid
tumour in childhood with a peak of incidence in the second
year of life. Clinically, NB is divided into stages 1, 2, 3, 4
and 4s, according to the international neuroblastoma staging
system (INSS) (1-3). Roughly they form two distinct groups,
which are characterized as follows. The first group, clinically
referred to as stages 1 and 2, comprises localized and unilat-
eral tumours with regional lymph node involvement only in
stage 2B. The tumours can differentiate into benign ganglio-
neuroblastoma or even may regress spontaneously. The second
group, stages 3 and 4, includes infiltrating and disseminating
tumours with affection of loco-regional or contra-lateral
lymph nodes in stage 3 and metastases to distant lymph nodes,
bone marrow, liver and other organs in stage 4. These lesions
aggressively invade surrounding tissues, respond poorly to
chemotherapy or relapse frequently due to the existence of
therapy-resistant cells. While children with stage 1 and 2
tumours have a favourable prognosis, stage 4 NB often has an
adverse outcome. The ‘special’ stage 4s, which, by definition,
is only diagnosed in children younger than 1 year of age, bears
features from both groups. It is characterised by skin and liver
metastases and weak dissemination to lymph nodes and bone
marrow. Despite the presence of metastases, these children
have a favourable prognosis as their lesions respond well to
mild chemotherapy and tend to have spontaneous differentia-
tion or complete regression.

To date, the most important prognostic molecule in NB is
the proto-oncogene MYCN. Its amplification strongly correlates
with failure of chemotherapy and unfavourable outcome (for
review see refs. 4-6). We have started a search for molecules
that control the metastatic behaviour of NB and observed
regulation of the extra-cellular matrix protein keratoepithelin,
the secreted hormone-like glycoprotein stanniocalcin-2 and the
lymphangiogenesis inhibitor endogenous soluble vascular endo-
thelial growth factor receptor-2 (esVEGFR-2) in disseminated
stages of NB (7-10). At least in part, NB metastasizes along
the lymphatic vascular system. In transcriptome micro-array



682

analyses, we and others observed high expression of Reelin, a
neuronal guidance molecule, in human lymphatic endothelial
cells (LECs) as compared to blood vascular endothelial cells
(BECs) (11-13). This prompted us to investigate the expression
and function of Reelin in NB.

The Reelin gene was identified to harbour the mutation,
which is causative for the phenotype of the so called ‘reeler’
mouse (14). Reelin encodes a secreted 388 kDa extra-cellular
matrix protein, which tends to form homodimers in vivo and
may have serine-protease activity, although the latter has been
called into question recently (15,16). The spontaneous loss-of-
function mutation of the Reelin gene in the reeler mouse strain
causes inappropriate neuronal migration and lamination in the
cerebral cortex and maldevelopment of the cerebellum, which
leads to tremor and ataxia. Reelin is expressed in numerous
tissues outside the CNS, but its functions there are practically
unknown. Reelin signalling is predominantly transmitted by
two trans-membrane receptors: the very low density lipoprotein
receptor (VLDLR) and the apoprotein E receptor 2 (APOER2/
LRPS) (17). Binding of Reelin leads to clustering of the receptors
and subsequent phosphorylation of DABI (Drosophila disabled
homologue 1), an adapter protein associated with the intracel-
lular domain of both receptors (18-20). Further downstream
targets are members of the src-family and the protein kinase
B/Akt pathway (21). Simultaneous knock-out of the receptors
LRP8 (APOER?2) and VLDLR, or disruption of DABI, cause
a phenotype highly similar to that of the Reeler mouse (20,22).
Besides VLDLR and LRP8, Reelin also binds to a31-integrin
and thereby inhibits neuronal migration (23). Amyloid precursor
protein (APP) is another potential receptor, located at synaptic
membranes. It induces DABI phosphorylation upon Reelin
binding and links Reelin to Alzheimer's disease (24). Recently,
Yip et al have reported that Reelin and Dabl are also expressed
in the spinal cord and control the positioning of the preganglionic
sympathetic neuron (25). Evangelisti et al observed regulation
of Reelin by the microRNA-128 (miR-128) in NB (26). Since
Reelin is a highly potent regulator of neuronal migration in the
central nervous system, we hypothesized that it may be involved
in the progression of NB. We show that Reelin induces migra-
tion of NB cells in vitro. Reelin is downregulated in metastatic
NB stages, which may render the cells more susceptible for
Reelin from other sources, e.g. the tumour LECs and BECs. We
postulate that the downregulation of Reelin in tumour cells and
its simultaneous upregulation in endothelial cells is part of a
switch that promotes metastasis formation.

Materials and methods

Cell culture. Initially, neuroblastoma cell lines were cultured
in RPMI-1640 medium containing 10% fetal calf serum (FCS)
and 1% penicillin/streptomycin (Lonza, Cologne, Germany).
Cell supernatants for Reelin western blots were obtained
from 48-h cultures in serum-free RPMI-1640. As we detected
considerable amounts of Reelin in FCS (data not shown), we
changed culture conditions for all subsequent experiments to
serum-free PC1 medium (Lonza) and to serum-free RPMI-
1640 for migration assays. Neuroblastoma cell lines used in
this study are: Kelly, Lan 2, NGP, SH-SY5Y, SK-N-AS and
SMS-Kan. Commercial sources and references for all cell lines
were published previously (8).
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Supernatants from HEK-293 cells containing a Reelin
expression plasmid or a control vector were obtained from 48-h
cultures of nearly confluent plates with serum-free RPMI-1640
medium (17).

Human umbilical vein endothelial cells (HUVECS) were
freshly prepared from umbilical cords and cultured in endo-
thelial cell growth medium (Lonza). Lymphatic endothelial
cells (LECs) were cultured in endothelial cell growth medium
supplemented with VEGF-C and were characterized previously,
as were the HUVECs (11).

Primary neuroblastoma samples and human tissues. RNA
samples of 50 primary, untreated neuroblastomas, were provided
by the German Neuroblastoma Studies Group (Drs F. Berthold,
B. Hero and J. Theissen, Children's Hospital University Cologne,
Cologne, Germany). The samples were tested for RNA integrity
with a Bioanalyzer 2100 (Agilent Technologies, Boblingen,
Germany). One sample failed the test and was discarded. The
remaining 49 samples were of the following stages: stage 1
(n=8), stage 2 (n=6), stage 3 (n=5; 2 were MYCN-amplified),
stage 4 (n=20; 10 were M YCN-amplified), stage 4s (n=10; 1 was
MYCN-amplified).

Human foreskin was obtained from resection surgery at the
University Medicine Goettingen. The studies were approved by
the university's ethics committee.

Real-time RT-PCR. Reverse transcription was carried out with
1 pug total RNA and Omniscript reverse transcriptase (Qiagen,
Hilden, Germany) according to the manufacturer's instructions.
For real-time RT-PCR we used the SYBR-Green JumpStart Taq
ReadyMix (Sigma-Aldrich, Taufkirchen, Germany) and the
following primer pairs (Iba, Gottingen, Germany): 3-Actin_fwd
5'-GCATCCCCCAAAGTTCACAA-3', -Actin_rev 5-AGGA
CTGGGCCATTCTCCTT-3', DAB1_fwd 5'-GCCTGGACAC
ATTGACTGAA-3', DABI_rev 5-TCTTGCTGAGTGCAGT
GTCC-3', LRP8_fwd 5'-CTGATGGCTCCGATGAGTC-3',
LRP8_rev 5-GGTCCACAGCTCAGCTTCTC-3', Reelin_fwd
5'-CATGGCTACAGCAACACACC-3',Reelin_rev 5'-GTGGG
TGCACAGTGACATCT-3', VLDLR_fwd 5-GGCAGTGTAA
TGGTATCCGAGACT-3', VLDLR _rev 5-AGGGCCCAAGC
ACTGATTG-3.

Western blot analysis. Cell culture supernatant of adherent cells
was harvested and centrifuged for 10 min at 3,000 x g and 4°C.
Cells were counted and the volume of the supernatants was stan-
dardized to 1.5x10° cells. Cell lysates were prepared directly from
cultured cells using lysis-buffer (30 mM Tris-Cl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM DTT) and sample complete protease
inhibitor cocktail according to the manufacturer's instructions
(Roche, Grenzach, Germany). Samples were adjusted to equal
amounts of total protein, subjected to SDS-PAGE and subse-
quent protein blotting to a PVDF membrane (Roth, Karlsruhe,
Germany). Membranes were blocked using 5% bovine serum
albumin in Tris-buffered saline (20 mM Tris-Cl, 150 mM NaCl,
0.02% Tween-20) for 60 min. Primary and secondary antibodies
were diluted in blocking buffer. Antibodies used were anti-Reelin
(mouse monoclonal; Santa Cruz Biotechnology, Heidelberg,
Germany), anti-VLDLR (mouse, monoclonal; Santa Cruz
Biotechnology) anti-B-actin (mouse, monoclonal; Santa Cruz
Biotechnology), anti-DABI (mouse monoclonal clonal; Abnova,
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Heidelberg, Germany), anti pY220 DABI (rabbit polyclonal;
Abnova), anti-LRP8 (rabbit polyclonal; Abcam, Cambridge,
UK). For detection we used horseradish peroxidase (HRP)-
coupled antibodies: goat anti-mouse HRP or goat anti-rabbit
HRP (both Santa Cruz Biotechnology). Chemiluminescence was
achieved using the Amersham ECL western blotting system (GE
Healthcare) and detected and developed on SuperRX X-ray film
(Fujifilm, Diisseldorf, Germany).

Immunohistology. Formalin-fixed primary NB samples were
obtained from the German Neuroblastoma Studies Group
(Children's Hospital University Cologne, Germany) and by the
Department of Pathology, University Medicine Goettingen
(Head: Professor H.J. Radzun). Histological grading was
evaluated according to (27) and the International Neuroblastoma
Pathology Classification (INPC), established in 1999 and
modified in 2003 (28). Paraffin sections of 7 ym were prepared
for antigen retrieval as described recently (29). Primary
antibodies used were anti-Reelin (mouse monoclonal; Santa
Cruz Biotechnology), anti-LRPS8 (rabbit polyclonal; Abcam),
anti-DABI1 (goat polyclonal; Santa Cruz Biotechnology), anti-
neurofilament (mouse monoclonal, Dako, Hamburg, Germany)
and anti-Prox1 (rabbit polyclonal, Reliatech, Wolfenbiittel,
Germany). Secondary antibodies were either peroxidase-
conjugated goat-anti-rabbit IgG, rabbit anti-mouse IgG (1:100,
Sigma-Aldrich) or Alexa 488-conjugated goat anti-mouse IgG,
and Alexa 594-conjugated goat anti-rabbit IgG (both 1:200,
Molecular Probes, Karlsruhe, Germany) for double immunofluo-
rescence. DAB was used as chromogen for peroxidase reaction,
and slides were counter-stained with nuclear fast red. For immu-
nofluorescence nuclei were routinely stained with DAPI.

Induction of differentiation. SH-SY5Y (10°) were seeded on
10-cm cell-culture dishes at day 1 in serum-free PC1 medium
(Lonza). They were allowed to adhere overnight. The next
day (day 0) we started treatment with all-trans-retinoic acid
(ATRA) dissolved in cell culture grade DMSO (Sigma). ATRA
in DMSO was added to the medium to a final concentration of
5 and 10 M. In control samples, the corresponding amount of
DMSO was applied. At days 3,6 and 9 the medium was renewed
and fresh ATRA or DMSO was added. RNA was isolated at
days 0,5,9 and 12.

Migration assay. BD-Biocoat culture inserts (BD, Heidelberg,
Germany) without any coating were used for the trans-well
migration assays. Cells (100,000) diluted in 0.5 ml serum-free
RPMI-1640 medium were seeded into the culture insert. The
lower chamber was filled with 0.5 ml culture supernatant of
HEK-293 cells transfected with a Reelin expression plasmid (17)
or the control vector. In another set of experiments, cells were
suspended in supernatants of the Reelin transfected HEK-293
cells and migration towards RPMI-1640 containing 2.5% FCS
as an attractant was studied. Supernatants were concentrated
2-fold using Vivaspin? filter units (MWCO: 100 kDa; Sartorius-
Stedim, Goettingen, Germany). After 24 h, cells that migrated
through the membrane towards the attractants were stained
using Richardson's staining solution for 1 min, mounted for
microscopy and counted manually. Experiments were repeated
at least three times. Percent of migrated cells compared to
controls (100%) were calculated.
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Figure 1. Expression of Reelin, LRP8, VLDLR and DABI in primary neu-
roblastoma samples. Neuroblastoma samples from all clinical stages (1-4
and 4s) were analysed by real-time RT-PCR. Mean relative expression and
standard error of the mean are shown for each stage. (A) Note downregula-
tion of Reelin mRNA in metastasized stages 3, 4 and 4s. (B) LRP8 is almost
equally expressed in all stages. (C) VLDLR is upregulated in stages 3,4 and 4s.
(D) DABI downregulation in metastasized stages 3, 4 and 4s. Vertical lines
subsume stages that differ significantly. * indicates statistical significance.

Calculations and statistics. Molecular weight of LRP8 and
VLDLR were calculated from amino acid sequences provided
by the NIH at www.ncbi.nlm.nih.gov using the pI-tool at www.
expasy.org. For real-time RT-PCR analyses, relative expres-
sion levels of transcripts were calculated by the AACt-method.
Statistical analyses were performed using the GraphPad Prism v
3.0 software (GraphPad Software Inc., La Jolla, CA, USA) and
Microsoft Excel 2008 for Mac (Microsoft Corp.,Redmond, WA,
USA). Normality was tested to calculate the variance distribu-
tion and the Mann-Whitney U test or the Unpaired t-test were
used to compare expression levels between stages of localized
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Figure 2. Immunohistochemistry of primary neuroblastoma specimens. Staining of paraffin sections using antigen retrieval methods. (A, C and D) Anti-Reelin,
(B) negative control, (E) anti-LRP8 and (F) anti-DABI. Sections were counter-stained using nuclear-fast-red. (A) Stage 3, grade 2 neuroblastoma. Note Reelin
expression in tumour cells and in some cells in the stroma (*). (C) Stage 2, grade 3 neuroblastoma. Reelin is not detectable in the tumour cells. (D) Stage 1, grade 1
neuroblastoma. Note Reelin expression in differentiating neuroblasts. (E) Same specimen as in (A) showing LRP8 in tumour cells. (F) Same specimen as in (A)

showing DABI in tumour cells. Bars, 60 gzm in (A-D) and 40 ym in (E and F).

and disseminated NB and to compare expression levels in NB
with or without MYCN amplification. Statistical significance is
considered at p<0.05.

Results

Expression of Reelin pathway molecules in primary NB. To
investigate the potential clinical relevance of Reelin signalling,
we measured the mRNA expression of Reelin and its potential
signal transducers LRP8, VLDLR and DABI in 49 samples
of untreated primary neuroblastoma patients. By real-time
RT-PCR we found that Reelin transcripts were significantly
more abundant in localized stage 1 and stage 2 tumours (n=14)
than in the metastatic stages 3,4 and 4s (n=35, p=0.02; Fig. 1A).
The Reelin receptor LRP8 (Fig. 1B) was equally expressed in
all stages, whereas the expression of the second Reelin receptor,
VLDLR, continuously increased from stage 1 to stage 4
(Fig. 1C). Statistical analyses revealed that VLDLR expression

levels were significantly lower in stages 1 and 2 vs. stages 3,
4 and 4s (p=0.002). Like Reelin, the adapter protein DABI
(Fig. 1D) was significantly higher in stage 1 and stage 2 tumours
as compared to the disseminated stages 3,4 and 4s (p=0.004).

We then studied immunolocalization of Reelin signalling
molecules in primary NB samples. We observed variable
immunoreactivity intensities for Reelin, LRP8 and DAB1 in NB
samples. Thereby, expression of Reelin was higher in low-grade
tumours, where we observed signals in NB cells that showed
signs of differentiation (Fig. 2A, B and D). In undifferentiated
grade 3 NB, Reelin was almost absent (Fig. 2C). Reelin was
also detectable, though at a lesser extent, in some stroma cells
(marked by an asterisk in Fig. 2A). In normal tissues LRPS was
located in the cell membrane (data not shown), whereas in NB
it was mainly present in the cytoplasm (Fig. 2E). For VLDLR
we could not find appropriate antibodies that complied with the
paraffin-embedded specimens. DABI was found in the cyto-
plasm of differentiating type NB cells (Fig. 2F).
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Figure 3. Protein expression of LRP8, VLDLR and DABI in selected cell lines.
Western blotting was performed using cell lysates or culture supernatant of
the cell lines Kelly (lane 1), NGP (lane 2), SH-SYSY (lane 3), Lan 2 (lane 5),
SMS-Kan (lane 6) and SK-N-AS (lane 7). Size marker (M) was loaded in
lane 4. (A) Reelin, (B) LRPS, (C) VLDLR, (D) DABI, (E) phospho tyr220
DABI, (F) p-actin immunoreactivity is shown using antibodies as described
in Materials and methods. Note that for each protein the specific bands appear,
but additional bands in some cell lines indicate altered or pathologic processing.
The anti-B-actin was used as loading control and shows a regular band in all
cell lines.

Expression in NB cell lines. For a further evaluation of Reelin
signalling molecules, we screened 24 NB cell lines by real-time
RT-PCR and found varying levels of Reelin, LRP8, VLDLR
and DABI (data not shown). We then selected 6 cell lines for
western blot analyses of whole cell lysates and, in case of
Reelin, supernatants of these cell lines. In Reelin-transfected
HEK-293 cells we found three Reelin bands at 400, 250 and
180 kDa (data not shown), as described previously (17). Reelin
was only present in the supernatant of SK-N-AS (Fig. 3A),
which may be due to the fact that NB cell lines have usually
been isolated from progressed NB. We observed a major band
at 250 kDa. For LRPS8, which was consistently found at the
RNA level, we could detect a major band at approximately
35 kDa in Kelly, NGP, SH-SY5Y, Lan 2, SMS-Kan and
SK-N-AS (Fig. 3B). However, in Lan 2 we detected a second
band at 60 kDa.

For VLDLR (Fig. 3C) a major 64 kDa band was detectable
in Kelly, NGP, Lan 2 and SMS-Kan. In lysates of SH-SY5Y
and SK-N-AS no immunoreactivity for VLDLR was detected.
Again, Lan 2 displayed a second major band at approximately
150 kDa, and unless much weaker, bands of the same molecular
weight were also visible in Kelly and NGP cell lysates.
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For DABI (Fig. 3D), there were two major immunoreactivity
bands at approximately 115 and 82 kDa. All cell lines displayed
the 82 kDa band, albeit it was weak for Kelly, Lan 2, SMS-Kan
and SK-N-AS. In SH-SYS5Y lysates, however, the corresponding
band had a slightly lower molecular weight. A second band
at 115 kDa was only found in Lan 2 cells. Constitutive DAB1
phosphorylation (pDAB1) was detected in Kelly, NGP and
Lan 2 cells (Fig. 3E). For these experiments, cells were cultured
in standard RPMI-1640 medium containing 10% FCS. As we
noticed later, FCS contains large amounts of Reelin (data not
shown), probably leading to constitutive DABI phosphoryla-
tion. Migration and differentiation studies performed later were
done with cells cultured under serum-free conditions using PC1
medium or basal RPMI-1640 medium. All blots were probed for
[-actin to ensure equal loading (Fig. 3F).

Reelin is induced during differentiation of the NB cell line
SH-SY5Y. The expression of Reelin in the patients' samples
suggested that Reelin expression might be associated with
more differentiated tumour types and downregulated in undif-
ferentiated high-grade tumours. It has been reported that
Reelin is induced in the human teratocarcinoma cell line NT2
upon treatment with the differentiating agent all-trans retinoic
acid (ATRA) (30), but downregulated in the NB cell line
SH-SY5Y (26). ATRA is clinically used in NB treatment regi-
mens, therefore we sought to test the response to ATRA with
regard to Reelin and its signalling pathway molecules. For this
study we also used the NB cell line SH-SY5Y, which is known
to respond well to differentiating agents (31). By quantitative
real-time RT-PCR we found that during 12 days of treatment
with 5 or 10 uM ATRA, Reelin, VLDLR and DABI mRNA
levels increased significantly (Fig. 4A, C and D), whereas LRPS
mRNA expression decreased by 50% during the first 5 days and
remained constant thereafter (Fig. 4B). Control experiments were
performed with the solvent DMSO. For Reelin and DABI these
findings correlate well with our observation that these molecules
are significantly higher expressed in the NB stages 1 and 2.

Reelin acts as a chemo-attractant on NB cells in vitro. Reelin
is a key regulator in brain development and influences neuronal
migration and patterning during cortex lamination. We tested
whether Reelin also influences NB cell migration and subjected
the NB cell lines SMS-Kan, LAN 2, SH-SY5Y, Kelly and
SK-N-AS to trans-well migration assays (Fig. 5A). We used
modified Boyden chambers and the supernatant of Reelin-
expressing or control plasmid-expressing HEK-293 cells as
an attractant. All tested cell lines showed increased migration
towards the Reelin-containing medium. After 24 h the number
of migrated cells increased by 2-fold for LAN 2 to nearly 7-fold
for SK-N-AS as compared to the respective controls. We then
tested if this migratory effect can be inhibited by Reelin. We
incubated SK-N-AS cells in the upper chamber in 2-fold concen-
trated supernatant of the HEK-293 cells (Reelin-expressing vs.
control) and observed a reduction of migration into the serum-
containing lower chamber by 60% (Fig. 5B).

Reelin is expressed in tumour endothelial cells. The down-
regulation of Reelin in advanced NB stages and the attractive
potential of Reelin on NB cell lines suggests that additional
Reelin sources may influence the metastatic behaviour of NB
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Figure 4. Differentiation of the cell line SH-SY5Y with ATRA. Cells were treated with 5 or 10 uM ATRA for 0, 5,9 and 12 days. At indicated time points RNA
was isolated and real-time RT-PCR performed. Bars indicate mean relative expression levels as percentage of DMSO controls. (A) Reelin expression is strongly
upregulated at days 9 and 12. (B) LRPS transcript levels decrease by 50% at day 5, and remain stable afterwards. (C) VLDLR and (D) DABI levels increase

during ATRA treatment.
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Figure 5. Reelin regulates NB cell migration. (A) In a trans-well assay, the NB
cell lines SMS-Kan, LAN2, SH-SY5Y, Kelly and SK-N-AS were tested for their
migration towards cell-supernatant of Reelin-expressing HEK-293 cells vs.
control-transfected cells. Note induction of migration by Reelin. (B) SK-N-AS
were pre-incubated with either supernatant of the Reelin-expressing HEK-293
cells or the control-transfected cells and tested for their migration towards a
serum gradient. Pre-incubation with Reelin inhibits migration of the cells. The
number of migrated cells is calculated as percentage of the respective control
experiments (control, 100%). Means were calculated from at least three inde-
pendent experiments with two replicates.

cells. Previously, the mRNA expression of Reelin in normal
lymphatic endothelial cells (LEC) has been found in micro-
array studies (11-13). At protein level, we detected the 250 kDa
form of Reelin as the dominant form in LECs, but no expression
in HUVECs (Fig. 6A). By immunostaining with antibodies
against the LEC marker Prox1 (32), we could demonstrate the
presence of Prox1-positive lymphatics in primary NB (Fig. 6B),
in accordance with previous studies (33). Immunoreactivity for
Reelin was found in normal Prox1-positive initial lymphatics
of human foreskin (Fig. 6C and D), and in lymphatic collectors
(data not shown). In primary NB samples we found Reelin not
only in lymphatics, but also in arteries and veins (Fig. 6E). Since
Reelin expression is hardly detectable in normal BECs (11-13),
this indicates upregulation of Reelin in tumour BECs.

Discussion

Reelin in primary neuroblastoma. Since the first description of
the Reeler mouse some 60 years ago, the functions of Reelin
have been studied intensively in the central nervous system (34).
Abnormal lamination of the cerebral cortex, hypoplasia of the
cerebellum and abnormal positioning of sympathetic neurons in
the spinal cord have been attributed to impaired Reelin signal-
ling (25,35). In humans, malfunctions of Reelin are associated
with neurological disorders such as schizophrenia, bipolar
disorders, major depression, autism and lissencephaly (35), as
well as lymphedema (36). Functions for Reelin in the peripheral
nervous system (PNS), chromaffine cells and in tumours derived
from the PNS, such as neuroblastoma (NB), have been studied
very rarely (26,37-39). This encouraged us to investigate the
expression patterns of Reelin, its receptors LRP8 and VLDLR,
as well as DABI, one of its most prominent downstream signal-
ling molecules, in primary NB. Our real-time RT-PCR analyses
of 49 primary samples of untreated patients reveal that the
amount of Reelin and DABI transcripts are significantly lower
in the advanced NB stages 3 and 4, and in 4s NB. While LRP8
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Figure 6. Vessels in neuroblastoma are Reelin-positive. (A) Western blot
showing Reelin in SK-N-AS and in isolated LECs, but not in HUVECs.
(B) Primary NB were stained for Prox1 expression to detect lymphatics.
Immunofluorescence detection of Prox1 (red) in nuclei of LECs (arrows)
and neurofilament in NB cells (green). (C) Co-expression of Reelin (green)
and Prox1 (red nuclei, arrows) in lymphatics of normal human foreskin.
(D) Negative control of the specimen in (C). Nuclei are stained with
DAPI (blue). (E) Peroxidase staining of Reelin in primary NB. Note expres-
sion in endothelial cells (arrows) of arteries (a), veins (v) and lymphatics (1).
Bars, 20 ym in (A and B) and 15 ym in (C-E).

is not altered throughout the five stages, VLDLR expression is,
in contrast, higher in the advanced stages, and in stage 4s. By
immunohistochemistry we were able to confirm that Reelin,
LRPS8 and DABI are expressed by NB cells of primary tumours.
Thereby, Reelin is mainly found in differentiating neuroblasts of
low-grade tumours. Reelin is also detectable in the vascularised
stroma of the tumours. Both tumour LECs and BECs express
Reelin, whereas in normal tissues and endothelial cell lines we
found Reelin protein in LECs but not in BECs, which is in line
with transcriptome analyses performed in several labs (11-13).
The results show that two key regulators of the Reelin signalling
pathway, Reelin and Dabl, are significantly lower in progressed
NB. Reelin is obviously a marker for differentiating and differ-
entiated NB cells. It is almost absent in high-grade NB cells, but
expressed in tumour LECs and upregulated in tumour BECs.
Our results indicate that there is a switch from an autocrine
function of Reelin in low-grade NB to a paracrine function in
high-grade NB.

Reelin pathway molecules in NB cell lines. We screened
24 human NB cell lines for the mRNA expression of the Reelin
pathway molecules. The complete list of cells can be found in (8).
Using real-time RT-PCR we were able to detect transcripts of
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all four major molecules of Reelin signalling: Reelin, LRPS,
VLDLR and DABI. However, expression levels vary consider-
ably between cell lines (data not shown). We chose 6 cell lines
for western blot analyses and found differential expression of
all four molecules, as well as the activated, phosphorylated
form of DABI, pDABI. The pattern of bands appears to be
more complex than in non-tumour cells. Secreted Reelin is only
detectable in SK-N-AS supernatants. The other cell lines are
negative, which may reflect the downregulation of Reelin in the
advanced tumour stages that have been used for the isolation of
the cell lines.

For LRP8, Kim et al have reported a molecular weight
(MW) of 105 kDa. As estimated by sequence analysis, its MW
should be in the range of 80-100 kDa (40). However, none of our
cell lines displayed a band for LRP8 in this range, but a strong
signal at approximately 30 kDa. In murine neuronal cultures,
the presence of a 30 kDa band has been described recently, and
the authors show that this represents a soluble splice variant
of LRP8, which binds Reelin and prevents DABI1 phosphory-
lation (41). This suggests that in our NB cell lines there is no
transmembrane LRPS, but rather an inhibitory soluble LRP8
variant. This may account for the observed immunolocalisa-
tion in the cytoplasm. A second band at 65 kDa, only present
in Lan 2 cells, may also be due to alternative splicing, as it is
known that several species- and tissue-specific splice variants
of LRP8 do exist (42-44).

The second receptor for Reelin, VLDLR, is absent in
SH-SYS5Y and SK-N-AS. The other cell lines display a major
band at 70 kDa. A second band at 150 kDa is prominent in Lan 2,
faintly detectable in Kelly and NGP, but absent in SMS-Kan.
As the calculated size of VLDLR is 96 kDa these bands may
also be splice variants or isoforms of the gene. However, the
signals we obtained are highly reproducible and must therefore
be regarded as specific.

The activity of the adapter protein DABI is regulated by phos-
phorylation, and transcriptional quantities may not necessarily
reflect its importance in the signalling pathway. For DABI, we
observed a major band at approximately 82 kDa in all cell lines.
A second band at 115 kDa was present only in Lan 2. When
isolated from mouse brain, a band for Dabl has been detected at
80 kDa (45). We have not further analysed the 115 kDa band in
Lan 2, however it seems possible that this is caused by genetic
instability. DABI is located on chromosome 1p, where genetic
mutations, translocations and amplifications occur frequently
in NB (6). We observed a 85 kDa band of the activated pDABI1
only in Kelly, NGP, and Lan 2. We suggest that activation is due
to the presence of Reelin in FCS, which we observed in immu-
noblot assays (data not shown). In order to prevent unwanted
Reelin effects, we changed the culture conditions for our func-
tional experiments and used serum-free media.

The variable patterns of Reelin signalling molecules in
NB cell lines obviously reflect the origin of the cells, namely
aggressive tumours and metastatic lesions (46). Roughly,
low stage NB and more differentiated lesions have a better
prognosis than advanced NB, consisting predominantly of
undifferentiated ‘small round’ cells. We found that high Reelin
expression correlates with both low staging and grading of the
tumours. We therefore investigated Reelin expression after
treatment with ATRA, a well-known differentiating agent in
NB that is routinely used in clinical regimens. In accordance
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with earlier studies (30), we found that Reelin is induced upon
this treatment. Thereby, the upregulation of Reelin takes time
and can only be observed after 9 and 12 days of treatment, not
after 5 days. In a comparable study, Evangelisti ef al (26) found
downregulation of Reelin after 6 days of ATRA treatment of
SH-SY5Y. They did not study later time points. They used fetal
bovine serum, which according to our experience contains
Reelin. Unfortunately, they do not comment on the expression
of Reelin in their 28 primary NB samples. Our data suggest that
the expression of Reelin is a feature of late maturing sympa-
thetic cells. However, expression of Reelin during development
of the peripheral sympathetic nervous system and the adrenal
medulla have not been studied in detail.

Guidance functions of Reelin. There is an ongoing debate
whether Reelin acts as a stop-signal or as an attractant for
neurons during patterning of the cerebral cortex (47). The high
Reelin expression in low stage NB suggested a metastases
inhibiting function, and we speculated it might act as a stop
signal for NB cells. This speculation is strengthened by our
results, showing that preincubation of SK-N-AS cells with
Reelin-containing cell supernatant reduces the migration
towards a serum gradient. However, we also demonstrate here
that Reelin has migration-promoting abilities in all cell lines
tested when it is used as an attractant. As discussed below, it
appears that in vivo external sources provide attractive Reelin
in a paracrine manner. The attraction of neurons by Reelin
from Cajal-Retzius neurons has been shown earlier (48), but
still it remains to be studied, how the signal is transmitted.
Especially, SH-SY5Y and SK-N-AS, which do respond to
Reelin, do not seem to possess functional receptors. However,
very recently Ephrin-B family members have been identified
to bind Reelin, and their importance for proper signalling has
been demonstrated in the mouse brain (49). We detected high
mRNA expression of EphrinB1, EphrinB2 and EphrinB3 in
both primary NB and NB cell lines (data not shown), which
suggests that additional receptors may be relevant for Reelin
signalling in NB. Earlier studies also showed binding of Reelin
to a3pl-integrin and amyloid precursor protein (23,24,50).
Taken together, it is very likely that VLDLR and APOER?2/
LRPS are not the only functional receptors and additional
molecules influence Reelin signalling in NB.

Reelin in neuroblastoma metastases. Our data suggest that
Reelin has a dual function in NB. First, Reelin may act as an
inhibitor of migration, when differentiating NB cells produce
high amounts of the protein. In this case Reelin may act in an
autocrine manner. However, when endogenous Reelin is low, as
observed in the majority of NB cell lines and in the advanced
tumour stages and high-grade NB cells, the cells may migrate
towards a Reelin gradient formed by external sources. To our
understanding there are at least two possible sources for Reelin
acting in a paracrine mode: firstly, we found Reelin in FCS
(data not shown), and it is likely that children may also have
high levels of Reelin in their blood, facilitating hematogenic
metastases of NB. Secondly, we found Reelin in both tumour
BECs and LECs. As we have shown, expression of Reelin in
LEC:s is also found in normal healthy tissues, however, expres-
sion in BECs appears to be tumour-specific. Reelin in BECs
may promote hematogenic metastases, in LECs it may promote
nodal metastases. Both types of metastases can be observed in
the clinics of NB. Therefore, loss of Reelin in NB cells may
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promote both hematogenic and lymphogenic metastases, as
tumour cells with low endogenous Reelin expression tend to
migrate towards Reelin from external sources. This is supported
by studies of Sato et al who found that knock-down of Reelin
in pancreatic cancer increases cell motility, invasiveness and
substrate-independent colony formation of tumour cells (51).
They also found that Reelin is downregulated in pancreatic
cancer, as compared to healthy pancreatic tissue. Together, these
findings indicate that reduced Reelin expression is character-
istic for less differentiated, more malignant tumours. However,
conflicting data showing that Reelin is a marker for aggressive-
ness in prostate cancer, retinoblastoma and oesophageal cancer
also exist and indicate a tissue-specific role of Reelin (52-54).
However, the exact localization of Reelin in these tumours
remains to be studied.
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