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ABSTRACT

The four receptor tyrosine kinase I receptors, ErbB-1, ErbB-2, ErbB-3,
and KrbB-4, which have been implicated in the development of a variety

of normal and malignant tissues, are activated through ligand mediated
homo- and hctcrodimerization. We have previously reported the frequent
coexpression, heterodimerzation, and prognostic significance of ErbB-2
and ErbB-4 in childhood medulloblastoma, an embryonal tumor of the

ccrebcllar external granule cell layer (EGL). In the present study, we have
used immunohistochemistry and Western blotting analysis to analyze the
expression of the 1 i hi! receptors and neuregulin (NRG) 1-a and NRGl-ÃŸ

ligands during normal human cerebellar development. We demonstrate
that ErbB-1, ErbB-3, ErbB-4, and NRG 1-0 display specific temporal and

topographical distribution in the cerebellum during intrauterine and
postnatal life, and that normal ErbB-NRG signaling in the EGL multi
plying zone is likely to be mediated by ErbB-4 and NRGl-ÃŸ. In contrast,
ErbB-2, which is expressed in 86% of medulloblastomas, could not be

detected at any stage of cerebellar development. Therefore, we propose
that positive deregulation of ErbB-2 expression in the cerebellar EGL,
leading to the formation of a NRGl-ÃŸ-driven ErbB-2/ErbB-4 autocrine

loop, is an important factor in medulloblastoma tumorigenesis.
In further support of this hypothesis, we provide evidence using reverse

transcription-PCR analysis that expression of the ErbB-2 and ErbB-4
receptors, but not ErbB-1 or ErbB-3, is deregulated in medulloblastoma

compared with normal developing cerebellum. We also demonstrate
NRG1-P expression in 87% (n = 46 of 48) of medulloblastoma primary

tumors, with the greatest expression levels occurring in tumors with high
ErbB-2 and ErbB-4 receptor coexpression. Furthermore, the expression
uf all three components of the proposed autocrine loop (i.e., ErbB-2,
ErbB-4, and NRGl-ÃŸ) was significantly related to the presence of mÃ©tas

tases at diagnosis (P < 0.05).

INTRODUCTION

There is increasing evidence that cell signaling, involving the
activation of membrane-bound receptors by polypeptide growth fac

tors, plays u major role in the development of normal and malignant
tissues. In this regard, RTK' I has been implicated in regulating the

embryogenesis of neuronal and epithelial tissues (1), whereas dereg
ulated RTK I expression is a frequent finding in a variety of human
epithelial and central nervous system cancers (2).

The RTK I family participates in a complex signaling network
involving the four RTK I receptors, ErbB-1 (also termed the EOF
receptor), ErbB-2 (also termed HER2/neu; Ref. 3), ErbB-3 (4), and
ErbB-4 (5), and a diverse array of cognate ligands (6, 7). These
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include six ligands for the ErbB-1 receptor (8, 9) and three distinct but
related groups of ErbB-3 and ErbB-4 ligands termed NRG1 (10, 11),
NRG2 (12-14), and NRG3 (15). Alternative gene splicing further

increases the number and complexity of the NRGs, resulting in the
expression of multiple a, ÃŸ,and -y isoforms (12, 13, 16, 17).

The ErbB-NRG signaling system operates in a combinatorial man
ner in which ligand molecules, which are probably bivalent (18-21),

have the capacity to generate all possible combinations of receptor
homo- and heterodimers. Although this system affords cells with a

great deal of signaling diversity, it is governed by a strict hierarchy,
mediated by different receptor ligand binding affinities (22). Despite
its apparent lack of a direct ligand, the ErbB-2 receptor appears to play
a central role in this signaling network. Evidence suggests that ErbB-2

is the preferred heterodimer partner of the other RTK I receptors, and
that this preference leads to competition between receptors to bind
ErbB-2 (22, 23). Furthermore, ErbB-2-containing heterodimers have

significantly increased signaling potency, which may result from a
reduced rate of receptor ligand dissociation and greater efficiency in
MAP-kinase activation (7, 24). These properties of the ErbB-2 recep

tor may explain its potent oncogenicity and prominence in certain
human cancers.

It is clear that any influence the ErbB-NRG system exerts in the

development of normal and malignant tissues will depend not only
upon ligand-receptor binding characteristics but also upon their tem

poral and topographical distribution during normal development and
tumorigenesis. There is increasing evidence that ErbB-NRG signaling

plays a central role in the development and maintenance of the
nervous system (1, 25). For example, knockout mice lacking ErbB-2
(26), ErbB-3 (27), ErbB-4 (28), or NRG1 (29) demonstrate a variety

of central and peripheral neurological abnormalities, including defects
in cranial ganglia formation, whereas interaction between ErbB-2,
ErbB-3. and NRG may play a critical role in the repair and mainte

nance of peripheral nerves (30).
Within the central nervous system, the cerebellum is emerging as

one site in which the ErbB-NRG system appears to have particular

significance. Not only do the ErbB receptors demonstrate specific
temporal and topographical expression distribution patterns during
cerebellar development (12, 31-34), but mice heterozygous for dele

tion at the NRG1 locus have underdeveloped cerebellums (35). The
cerebellum is also the predominant site of NRG2 production (12-14)

and the only region to demonstrate an increase in NRG 1 expression in
adult versus embryonic rodent tissue (36). Recent evidence suggests
that at least one important function of the ErbB-NRG system during
cerebellar development involves ErbB-4- and NRG-mediated control

of immature neurone migration from a superficial germinal layer
termed the EGL (Fig. 1) into the cerebellar parenchyma (32).

Medulloblastoma is an embryonal tumor of the cerebellum believed
to arise from the EGL (37, 38). We have recently provided evidence
that ErbB-NRG signaling may play a significant role in the biology of
this disease (39). In this study, ErbB-2 and ErbB-4 coexpression was

identified in 54% of tumors, was significantly and independently
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Fig. 1. Diagram of cross-section of developing human cerebellum: PZ, proliferative

zone; PMZ, premigratory zone; ML. molecular layer; PCL. Purkinje cell layer.

related to a poor clinical outcome, and direct evidence of ErbB-2/
ErbB-4 heterodimerization was demonstrated in primary tumors by

immunoprecipitation. In the present study, we have analyzed the
expression of the ErbB receptors and NRG 1-a and NRG 1-j3 ligands in

normal developing human cerebellum to understand further how
deregulation of the ErbB-NRG system may contribute to medullo-
blastoma tumorigenesis. We have observed that although ErbB-1.
ErbB-3, ErbB-4, and NRGl-ÃŸ display specific temporal and topo
graphical expression. ErbB-2 cannot be detected within the cerebel

lum at any developmental stage. We propose that deregulated expres
sion of this receptor may therefore play a central role in this
malignancy. In support of this hypothesis, using RT-PCR analysis we
have also found higher levels of ErbB-2 and ErbB-4 mRNA expres
sion but not ErbB-1 or ErbB-3 in primary medulloblastoma versus

developing cerebellum. Finally, using IHC we show expression of
NRGl-ÃŸ in a large proportion of medulloblastoma primary tumors
that coexpress ErbB-2/ErbB-4 receptors, suggesting a role for an
ErbB-2/ErbB-4-NRGl-)3 autocrine loop in the progression of this

disease.

MATERIALS AND METHODS

Tissue Samples. The normal tissue used in the study included six. well-
preserved, formalin-fixed, paraffin-embedded fetal cerebellar samples, ob

tained from cases of spontaneous fetal loss. Estimated gestational ages were
15, 20, 22. 25. 25, and 40 weeks, judged by a combination of foot length,
crown rump length, and assessment of tissue maturation. Three postmortem,
formalin-fixed, paraffin-embedded cerebella and three fresh-frozen cerebella

were also obtained from six cases of nonneurological postnatal death of ages
3, 11, and 18 months. 1 week, and 6 and 20 months, respectively. Tumor tissue
analyzed included nine fresh surgical medulloblastoma specimens obtained
from patients undergoing surgery for their primary tumors at Newcastle
General Hospital. Immediately after resection, samples were treated in ArciÃ³n
(ICI Chemicals. Middlesbrough, UK) cooled in liquid nitrogen and then stored
at â€”¿�80Â°Cprior to analysis. Patient ages ranged from 1 month to 11 years: six

patients were female.
Forty-eight formalin-fixed, paraffin-embedded medulloblastoma primary

tumors were also available for study. These patient samples were included in
our series published previously of 70 primary tumors diagnosed in Newcastle
between 1968 and 1996. Their clinical details and ErbB receptor expression
patterns are reported in detail elsewhere (39. 40).

IHC. IHC and the ABC technique, using the mouse monoclonal antibodies
NCL-EGFR. NCL-CB11, and NCL-c-erbB-3 (NovoCastra Labs), rabbit poly-
clonal antiserum ErbB-4/c-18 and goat polyclonal antiserum HRGa/c-19 (San

ta Cruz Biotechnology, Santa Cruz, CA), was performed as described previ
ously (39) to detect the ErbB-1. ErbB-2. ErbB-3. and ErbB-4 receptors and
NRGl-a IÂ¡Â¡'.mil.respectively, in consecutive sections of the six fetal and three

postnatal formalin-fixed, paraffin-embedded cerebellar samples. The goat
polyclonal antiserum HRG-ÃŸ/c-18. which detects all NRGl-ÃŸ isoforms. was
used to detect NRGl-ÃŸexpression in the normal cerebellar samples and the 48

medulloblastoma primary tumors. This antiserum was also used in the ABC
technique at a dilution of 1:100 and did not require high-temperature antigen

unmasking.
We have previously demonstrated the specificity of these antisera for their

respective antigens in IHC (39). Briefly, specificity of primary antibodies was
checked using: (a) parallel section, negative staining controls in which immu-

nostaining was abolished by prior incubation of antiserum with its respective
peptide target: and (b) Western blotting in which all antisera detected single
protein bands of the appropriate size (Fig. 3 and Ref. 39). The specificity of the
ABC technique was confirmed using primary and secondary antibody substi
tution controls. All negative controls demonstrated no immunostaining (data
not shown). Positive controls of IHC sensitivity included: normal placenta.
Paget's disease of breast, normal kidney and skeletal muscle for the four EGFR

family members, respectively, and normal cerebral cortex for the NRGI-ÃŸ

ligand.
NRGl-ÃŸ immunostaining of primary tumor sections was scored blind on

separate occasions by two observers (R. H. P. and R. J. G.). Tumor sections
were designated a score based on the estimated percentage of tumor cells
demonstrating immunopositivity. Scoring ranged from 0-100% positive tumor

cells at 10% intervals. Discrepancies in staining analysis of > 10% occurred in

two sections. These cases were reexamined on a multiheaded microscope, and
consensus was reached.

Western Blotting and Densitometry. Protein expression of the ErbB
receptors and NRGl-a and NRGl-ÃŸ ligands was also detected in the three
fresh-frozen postnatal cerebellar samples using Western blotting as described

previously (39). Briefly, samples were ground under liquid nitrogen and lysed
in cell lysis buffer (39); the protein content of each sample was measured using
the Bio-Rad protein assay (Bio-Rad, Munich. Germany). Equivalent amounts
of protein for each sample were then separated on 8% SDS-polyacrylamide

gels and transferred to nitrocellulose membrane (Amersham. Buckingham
shire. UK). Separate filters were blocked for l h with blocking buffer solution
(5% nonfat milk powder and 0.05% Tween in Tris-buffered saline) and then
probed with the NCL-EGFR, NCL-CB11, NCL-c-erbB-3 (NovoCastra Labs),
ErbB-4/c-l8. HRG-o/c-19. and HRG-ÃŸ/c-18 (Santa Cruz Biotechnology) an
tibodies to detect the ErbB-1. ErbB-2. ErbB-3. ErbB-4. and NRGl-a and
NRGI-ÃŸ proteins, respectively, at the concentration recommended by the

manufacturers. The signals were visualized with the appropriate alkaline
phosphatase-labeled secondary antibody (Santa Cruz Biotechnology) and sub

strate solution as instructed by the manufacturer. Identical separate blots were
prepared in parallel and probed with a mouse monoclonal anti-actin antibody

(Sigma Chemicals. Poole. UK) to control for equal protein loading. Positive
controls for Western blotting included cultured DAOY medulloblastoma cells
for ErbB-1 and ErbB-2 blotting and IHC-positive medulloblastoma tumor
samples for ErbB-3. ErbB-4. and NRGl-a and NRGl-ÃŸas reported previously

(39). The DAOY cell line was obtained from the American Type Culture
Collection (Rockville. MD) and grown as monolayer culture in Eagle's MEM

supplemented with 10% PCS (Life Technologies. Inc.). Prior to Western
blotting analysis, cultures at 70% confluence were washed twice in ice-cold

PBS and scraped into 1 ml of the lysis buffer solution (39).
ErbB receptor and NRG protein expression levels at the three postgesta-

tional ages examined (I week and 6 and 20 months, respectively) were
estimated using densitometry. All analysis was performed using the Bio Image
capture system (Millipore, Ann Arbor. MI). After external calibration with a
standard density wedge, all blots were scanned with a CCT camera linked to
a Sun View computer (Sun View Microsystems Co.. Mountainview. CA). This
was used in association with the Bio Image analysis software (Millipore) to
calculate the integrated absorbance (1OD) of each protein band. Each actin
control blot was processed in the same way to ensure that equal protein loading

had been performed.
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RT-PCR Analysis of mRNA Expression. Total RNA was extracted from

the three postnatal cerebellar and nine primary tumor fro/en samples using the
RNa/ol method (41 ) and used to generate first-strand cDNA by random primer
extension reverse transcription. Quantitative RT-PCR analysis of RTKI recep

tor and NRG1 mRNA transcript levels in samples was then performed using a
method developed in our laboratory and described in detail elsewhere (42).
Briefly, serial cDNA dilutions for each gene of interest were simultaneously
and independently amplified over 30 cycles (94Â°Cfor 1 min, 56Â°Cfor 1 min.
and 72Â°Cfor 1 min) using otherwise fixed reaction conditions. PCR products
were labeled in the reaction by inclusion of [a':P]dATP (Amersham) in the

reaction mix. After amplification, products were separated on \2% polyacryl-

amide gels, the gels dried under heat and vacuum: and the radioactively labeled
PCR products were detected and analy/ed using a Phosphorlmager (Molecular
Dynamics). For each species, the amount of PCR product is then plotted
against input cDNA dilution. In the range of amplification showing linear
increase of product with increasing template, the ratio of the input total cDNA
of each species of interest to that of the standard 1US rRNA is then used to
calculate the relative amounts of each cDNA and thus mRNA species in the
sample (42). All RT-PCR analyses were performed in triplicate.

All primers used were made on an oligonucleotide synthesi/.er (Model 392;
Applied Biosystems) and. with the exception of ErbB-1 (43). were designed

using a computer program developed by Lowe et al. (44). The NRG1 ligand
primers were directed against a conserved sequence and recognize both a and
ÃŸisofonns. The respective sequences, optimal MgCI, operating conditions,
and (he corresponding GDB accession numbers of cDNA sequences used to
design the primers were as follows: ErbB-1. .V-AAT ATT CTT GCT GGA
TGC GTT TCT GTA-3' and 5'-TTT CGA TAC CCA GGA CCA AGC CAC
AGC AGG-3' (MgCI, concentration. 0.5 IHM:Ref. 43); ErbB-2, 5'-GTG CTA
GAC AAT GGA GAC C-.V and 5'-CAC AAA ATC GTG TCC TGG TAG
C-3' (MgCI, concentration, 1.25 ITIM;accession no. Ml 1730); ErbB-3, 5'-
ATG GGG AAC CTT GAG ATT GTG CT-3' and 5'-ACA GCT TCT GCC
ATT GTC CT-3' (MgCI, concentration, 0.75 ITIM;accession no. M34309);
ErbB-4. 5'-CGA TTC TCA GTC AGT GTG TGC-3' and 5'-GTG CTC AAT
GCT GGT TAT CTC C-3' (MgCI, concentration, 0.5 HIM: accession no.
L07X6X): NRG1, 5'-TCC CCA ATT GAA AGA GAT GAA A-3' and 5'-TGG
TGG ATG TAG ATG TAG ATG AAG-3' (MgCI, concentration, 1.5 mM;
accession no. L12261): and the internal standard I8S rRNA, 5'-ATG CTC
TTA GCT GAG TGT CC-3' and 5'-AAC TAC GAC GGT ATC TGA TC-3'

(MgCI, concentration. 1.0 mM; Ref. 40).

RESULTS

IHC and Western Blotting of Normal Cerebellum. IHC was
used to unaly/e expression of the four RTK I receptors and the
NRG I-a and NRGl-ÃŸ ligands during human cerebellar development

from 15 weeks of gestation to 18 months of postnatal life. Significant
differences in topographical and temporal expression within the dif
ferent layers of the cerebellum were observed (Fig. 2).

ErbB-1 expression was detected in all five layers of the cerebellum

during development. From 15 weeks of gestation (the earliest devel
opmental stage anuly/.ed). faint cytoplasmic staining of cells occupy
ing the innermost aspect of the EGL and immediate sub-EGL fibers in

the molecular layer was seen (Fig. 2a). This staining showed a marked
increase in intensity, which peaked at around 25 weeks of gestation,
and then subsequently became negative by term (Fig. 2. c and d).
From 20 weeks of gestation, cells in the developing IGL and fibers
throughout the molecular layer demonstrated faint to moderate im-

munorcactivity. Within the IGL, this expression decreased in intensity
with subsequent development, becoming negative by term. However,
the molecular layer retained faint reactivity (not seen in negative
controls), which persisted to 18 months of postnatal life. The white
matter demonstrated a moderate staining from 25 weeks of gestation
throughout intrauterine development (data not shown). This subse
quently decreased postnatally and was undetectable by 11 months.
Finally. ErbB-1 expression was observed within the Purkinje cell

layer throughout postnatal life. Sustained expression by the Purkinje

and molecular layers during postnatal development was confirmed in
Western blot analysis (Fig. 3). The three samples analy/.ed all dem
onstrated ErbB-1 bands with identical density (IOD) at 1 week and 6

and 20 months of age. respectively (Fig. 3).
In contrast to ErbB-1, all ErbB-3 protein expression was confined

to late gestation and postnatal life. The expression by Bergmann glial
fibers spanning the molecular layer was most dramatic (Fig. 2e). This
staining was first seen at very low levels in the 25-week and term

sections. However, by 3 months of postnatal life, intense labeling of
these fibers was detected, which persisted in all subsequent sections.
Within the molecular layer, expression was also detected in Purkinje
cell fibers in addition to glial fibers at 18 months of life. Finally,
ErbB-3 expression was also observed in white matter astrocytes (data

not shown). This was detected first at term and then at all subsequent
stages analyzed. This pattern of increasing ErbB-3 cerebellar expres

sion from term through the first two years of life was observed in the
results of Western blotting of whole postnatal cerebellum, which
revealed an approximate 2-fold increase in the density of ErbB-3

protein bands from 1 week to 20 months (Fig. 3).
ErbB-4 expression by the EGL and white matter showed the great

est intensity of staining of all of the RTK I receptors. From 15 weeks
of gestation, strong immunoreactivity was observed throughout the
EGL (Fig. 2Â«),This then gradually decreased in intensity, becoming
negative by 3 months of life. In contrast, white matter expression,
which was observed first at term, persisted in the postnatal sections
analyzed (data not shown). Staining was also seen in the developing
IGL. This increased from 20 to 25 weeks but was reduced to a
moderate-to-faint reactivity by 3 months. This then persisted through

out the first 2 years of life. The molecular layer demonstrated a faint
reactivity at 25 weeks of gestation and term: however, this site was
negative in all subsequent sections. Western blotting of whole normal
postnatal cerebellar samples demonstrated a 4-fold decrease in ErbB-4

protein expression from 1 week to 6 months of postnatal life, with a
further 2-fold decline from 6 to 20 months of age (Fig. 3). This pattern
reflects the declining EGL and IGL ErbB-4 expression during this

period.
In contrast to ErbB-1, ErbB-3. and ErbB-4, ErbB-2 expression

could not be detected at anytime during intrauterine or postnatal
development, either by IHC (Fig. 2, a-d) or Western blotting (Fig. 3).

The lack of expression in Western blot analysis was confirmed by the
DAOY cell line-positive control (Fig. 3), and the absence of detection

by IHC was validated by the use of positive control sections.
The IHC expression pattern of the NRG l -ÃŸligand was similar to

that observed lor ErbB-4. From 15 weeks of gestation, intense label

ing of the EGL was detected. Interestingly, this was confined to a
single outer layer of cells in the EGL (Fig. 2, a and b), confirmed by
reproducibility in consecutive sections, and an absence of this pattern
in negative controls. In keeping with the results of NRGl-ÃŸ IHC

expression in tumors, the distribution of staining within EGL cells
appeared both nuclear and cytoplasmic. This expression persisted
throughout intrauterine development but had considerably decreased
in intensity by term. Staining was also observed from early gestation
in the molecular, Purkinje, IGL, and particularly white matter layers,
persisting in all postnatal sections. Sufficient material for Western
blotting of NRGl-ÃŸwas only available for the 1-week and 20-month

normal cerebellar samples. Both demonstrated significant levels of
NRGl-ÃŸ expression in keeping with the IHC results (Fig. 3). In
contrast, expression of the NRGl-a isoform could not be detected by

IHC (data not shown) or Western blotting (Fig. 3) at any stage during
normal human cerebellar development. The lack of protein expression
was confirmed by positive controls in IHC (data not shown) and
Western blotting (Fig. 3).
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ErbB-1 ErbB-2 ErbB-3 ErbB-4 NRGl-ÃŸ

Fig. 2. 1HC of ErbB receptor and NRGI-0 ex
pression in the EGL and ML of pre- and postnatal
developing human cerebellum. Rm-s a-e corre

spond to 15, 20. 25. and 40 weeks of gestation and
3 months of postnatal life, respectively. Rows a, c, d,
and e. X400; row b. X600.
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A B

ErbB-l

ErbB-2

ErbB-3

ErbB-4

NRGl-a

NRGl-ÃŸ

Actin
Fig. 3. Western blot analysis of ErhB receptor and NRGl-a and NRGl-ÃŸ ligand

protein expression by postnatal human cerebellum. Ctilunin A. positive controls: DAOY
cell line (HrhB-1 and ErbB-2). mcdulloblastoma primary tumor samples (ErbB-3. ErbB-4,
NRG I-a. and NRGl-ÃŸ(. Ctilittnii H. limit's 1-3. normal human postnatal cerebellum at 1

week and 6 and 20 months of age. respectively. Western blot of actin is shown as loading
control for Umes BI-B3.

RT-PCR. To further assess the relative expression of each ErbB

receptor in this disease and to examine whether differences in expres
sion were evident at the gene transcript level, we analyzed RTK I and
NRG1 mRNA levels in fresh primary tumor samples and compared
these with levels in normal cerebellum. Only postnatal fresh normal
cerebellar material was available for analysis. Therefore, estimated
levels of each mRNA species in the normal cerebellar samples reflect
relative expression at postnatal developmental stages only. For each
receptor and the NRG ligand, fresh-frozen tumor samples that had

previously been shown by IHC to be positive for the respective
protein were used to estimate mRNA levels. From an available nine
fresh-frozen medulloblastoma samples, 3, 8, 2, 8, and 6 were positive
by IHC for ErbBl. ErbB-2, ErbB-3, ErbB-4. and NRG1 expression,

respectively. This immunopositivity rate is in keeping with that re
ported previously by us for the RTK I receptors in medulloblastoma
(39). The results of this RT-PCR analysis in normal postnatal cere

bellum and tumor material are summarized in Fig. 4.
The limited availability of fresh tumor material and expression of

ErbB-l and ErbB-3 by a minority of medulloblastoma primary tumors
precluded formal statistical analysis of the RT-PCR results. However,

distinct patterns of mRNA expression were observed (Fig. 4). Two of
the three ErbB-l protein-positive tumors and both ErbB-3-expressing
tumors had levels of the respective mRNA species that were 10-fold

lower than that seen in normal postnatal cerebellum. The remaining
ErbB-l-expressing tumor had an mRNA level equivalent to that

measured in cerebellum (Fig. 4, a and c). Interestingly, although we
could not detect ErbB-2 protein at any stage during cerebellar devel
opment, a low level of ErbB-2 mRNA could be detected (Fig. 4h).

ErbB receptor mRNA expression in the absence of protein has been
reported previously for a variety of tissues (25). In contrast to the
results for ErbB-l and ErbB-3, five of the ErbB-2 protein-positive

tumors had mRNA levels equivalent to those seen in normal cerebel
lum, whereas three had mRNA levels between 5 and 13 times greater
than that of normal cerebellum (Fig. 4b). Similarly, none of the eight
samples expressing ErbB-4 protein had ErbB-4 mRNA levels lower

than that seen in cerebellum. Most had levels equivalent to the normal
tissue, whereas one case had five times the ErbB-4 mRNA level

measured in normal cerebellum (Fig. 4d). NRG1 mRNA expression
levels demonstrated a mixed picture, with four of the six samples
falling in the normal range and two having levels approximately twice
that of the normal tissue (Fig. 4e). These results support the hypoth
esis that deregulation of ErbB-2 and ErbB-4 receptor expression is of
greater significance than ErbB-l or ErbB-3 in medulloblastoma.

NRGl-ÃŸ IHC of Medulloblastoma Samples. Forty-eight of our

previously published series of 70 cases of medulloblastoma (39)
had sufficient material available for IHC analysis of NRGl-ÃŸ
expression. Forty-six cases (87.5%) were immunopositive for the

ligand (Fig. 5). This is in contrast to the relatively low frequency
of NRGl-a expression that we have reported previously in medul

loblastoma (39). The percentage of positive tumor cells in each
section ranged from <10% to 90%. Tumors with >50% NRG1-
ÃŸ-expressing cells (n = 12) demonstrated an intense, predomi

nantly cytoplasmic immunoreactivity compared with a generally
lower level of staining strength in those with <50% positive tumor
cells. In addition to cytoplasmic expression, a variable degree of
nuclear staining was detected in all positive cases, with two cases
having marked nuclear membrane reactivity (Fig. 5). The speci
ficity of nuclear immunostaining was confirmed by the identifica
tion by the NRGl-ÃŸ antibody of a single protein species of the

correct size (M, 44,000) on Western blotting (Fig. 3) and the lack
of immunopositivity in the IHC-negative controls.

No significant association between patient survival and NRGl-ÃŸ

expression was seen in univariate survival analysis (data not shown).
However, NRG l -ÃŸis a ligand for the ErbB-4/ErbB-2 heterodimer and

may therefore activate these receptors in the context of an autocrine
loop in this disease. In our previous study of ErbB expression and
clinical outcome, the worst prognosis was seen in patients whose
tumors expressed ErbB-2 in >50% of cells and were ErbB-4 positive.

Nine of these cases are included in the present study. Interestingly, all
nine proved NRGl-ÃŸ positive, four (44%) of which had intense

labeling of >50% of tumor cells. In contrast, only 8 (20%) of the
remaining 39 cases in the present study, which included those either
ErbB-4 negative or with <50% ErbB-2 tumor cell expression, had
>50% NRGl-ÃŸ tumor cell expression, whereas six of these cases
were NRGl-ÃŸ negative.

Further evidence supporting a role for an ErbB-4/ErbB-2/NRGl-ÃŸ

autocrine loop in the progression of medulloblastoma was seen in the
analysis of metastasis at diagnosis and the expression of these three
signaling proteins. Twenty-eight of the patients included in the present

study had undergone detailed craniospinal imaging at diagnosis and
therefore had accurate staging data (39). A significant relationship
between tumor expression of all three components of this potential
autocrine loop, i.e.. ErbB-4. ErbB-2, and NRGl-ÃŸ, and the presence

of spinal mÃ©tastasesat diagnosis was observed (Table 1). Although
the numbers are relatively small. Fisher's Exact test did reach signif

icance (P < 0.03).
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postnatal human cerebellar tissue versus medullo-
blastoma tumor samples, a-e, ErbB-1, ErbB-2,
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DISCUSSION

The ErbB-2 receptor plays a central role in the ErbB-NRG signal

ing network (7). Its recruitment into receptor heterodimers signifi
cantly increases the potency of ErbB signaling, which results in part
from its ability to decrease the rate of ligand-receptor dissociation

(24), and potentiates the activity of downstream effector pathways,
including mitogen-activated protein kinase and c-jun NH2-terminal
kinase/stress-activated protein kinase (23, 24).

These signaling characteristics may provide some explanation for
the prominent role the ErbB-2 receptor appears to play in a variety of

human malignancies (2). These include breast, ovary, and lung cancer,
where ErbB-2 overexpression has been correlated with a poor prog

nosis (2), chemotherapy resistance (45, 46), and metastatic potential
(47, 48). Studies in vitro have also demonstrated the capacity of
ErbB-2 to induce malignant transformation when expressed either
alone at high levels (49, 50) or together with ErbB-1 (51), ErbB-3, and
ErbB-4 (52, 53), when the transforming effect is synergistic. We have
previously reported high expression levels of the ErbB-2 and ErbB-4

receptors in childhood medulloblastoma and demonstrated that their
coexpression, which occurs in 54% of cases, is associated with het-

erodimerization and a poor clinical outcome (39).
Medulloblastoma is an embryonal tumor of the cerebellum believed

to arise from the EGL (37, 38). This layer of proliferating precursor

cells covers the surface of the cerebellum from early gestation up to
the first year of postnatal life and may be further divided into two
zones (54). The outer "multiplying zone" consists of rapidly dividing
cells and gives rise to an inner "premigratory zone." from which cells

migrate into the cerebellar parenchyma during development, eventu
ally forming the IGL (Fig. 1). There are few published studies in the
literature of ErbB receptor and ligand expression during EGL and
cerebellar development; almost all have focused on rodent develop
ment (12, 31-34). Therefore, to increase our understanding of how

deregulated ErbB receptor expression may contribute to the initiation
and or progression of medulloblastoma, we have investigated the
expression of these receptors, and their ligands NRGl-a and
NRG1-/3, in developing human fetal and postnatal cerebellum.

Of the six components of the ErbB-NRG network analyzed (the
four RTK I receptors and NRGl-a and NRGl-ÃŸligands), only three,
ErbB-1, ErbB-4, and NRGl-ÃŸ,displayed significant expression levels
in the developing EGL (Fig. 2. a-d), whereas ErbB-3 was expressed

predominantly in glial cells of the postnatal cerebellum (Fig. 2e). In
contrast, despite its high expression frequency in medulloblastoma
(39), we did not detect the ErbB-2 receptor in any part of the EGL or

cerebellum at any time during development. Expression of the
NRGl-a isoforms was also not detected.

With regard to the ErbB receptors, ErbB-4 demonstrated the great-
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Fig. 5. NRGI-ÃŸ IMC immunostaining (if primary

medulloblastoma sample demonstrating cytoplasmic
and nuclear nicmhranc expression. X400.

est intensity of expression. This was most prominent during early
intrauterine life. Expression was readily detectable in both /ones of
the HOL from 15 weeks of gestation but subsequently declined,
becoming negative by 3 months of age (Fig. 2, a-J). In contrast, the
ErbB-l and ErbB-3 receptors demonstrated significantly different
temporal and topographical expression patterns. ErbB-l EOI. expres
sion increased from 15 weeks, peaking at its most intense in mid-

gestation, and subsequently falling, becoming undetectablc at term.
Furthermore, unlike ErbB-4. ErbB-l expression was confined to the
inner /one of premigratory cells of the EGL and immediate sub-EGL

fibers, whereas the multiplying /.one remained negative (Fig. 2. h and
r). The ErbB-3 protein could only be detected at very low levels in

late gestation but demonstrated marked expression by glial cells from
3 months of postnatal life (Fig. 2. d and e). These temporal changes
in expression of the ErbB-l. ErbB-3. and ErbB-4 receptors and lack of
ErbB-2 immunostaining were reflected in the results of Western
blotting of whole cerebellum (Fig. 3). The ErbB-2 protein was not

detected at any postnatal age. whereas the continued expression of the
ErbB-l receptor by postnatal molecular and Purkinje cell layers

identified by IHC produced detectable expression by immiinoblotting
from 0 to 20 months of age. Finally, the ErbB-3 and ErbB-4 receptors

demonstrated a significant increase and decrease respectively in de
tectable protein (Fig. 3).

These data are in keeping with a number of recently published
studies of FrbB receptor expression in rodent tissue. Using in situ
hybridi/ation. Pinkas-Kramarski et al. (34) have demonstrated that
although expression of ErbB-3 and ErbB-4 mRNA can be detected in

adult cerebellum, only the latter is expressed in E14.5 embryonic
cerebellum (34). Furthermore, in Northern blot analysis of mRNA
extracted from whole, postnatal rat cerebelli! aged U to 22 days, they
also identified a steady increase in ErbB-3 expression with a concom
itant decrease in ErbB-4 levels. The cellular distribution of these two

Table 1 Coexprcssion of ErbB-2, ErbB-4, Â¡milNRGI-ÃŸin melaMulic versus
mmnii'ltixutttt mi-ilttlttthiiifiltinut Â¡ii'tttuiryliinitirn it-'istters Â£vm7 lest, p < 0.05ÃŒ

ErhB-2. ErbB-4. ;md
NRGI-f) positive

ErbB-2. ErbB-4. or
NRG 1-0 negative

Metaslalic
Nunniclaslatic

3
13

receptors in rat cerebellum also appears to be similar to that identified
by us in human tissue. Again using in situ hybridi/ation. O/.aki et al.
(33) identified ErbB-3 expression predominantly in glial cells,
whereas ErbB-4 transcripts were enriched in the EGL and IGL of

early postnatal (P14) rat cerebellum. Finally, one study has recently
identified two novel juxtamembrane domain isoforms of the ErbB-4

receptor and demonstrated expression of both in adult human and
mouse cerebellum (55). With regard to ErbB-l. our finding of differ
ential expression of this receptor between the "prolifcralive" and
"premigratory" /.ones of the human EGL have been reported previ

ously in rats by Seroogy el al. (31 ). They have demonstrated both a
significantly greater level of ErbB-1 mRNA in the inner premigratory

zone verxux the peripheral, outer multiplying /.one and subsequent
decline in expression with development, eventually disappearing from
the EGL in early postnatal life (31 ).

Our data from the present study of human cerebellum and those
from investigations in rodent tissue support the hypothesis that the
ErbB-l and ErbB-4 receptors play important roles in early cerebellar
development. In contrast, the confinement of ErbB-3 receptor expres

sion to late gestation and postnatal tissue suggest that this member of
the RTK I family predominates in the later stages of development and
mature cerebellum. The role of the ErbB-2 receptor in the developing

cerebellum is less clear. Although there is some evidence that this
receptor is expressed in postnatal rat cerebellum (33), we did not
identify any detectable ErbB-2 protein in either pre- or postnatal

human cerebellum. Similarly, in their study of human tissues. Press et
al. (56) could not detect expression of ErbB-2 protein or mRNA

transcripts in fetal or adult cerebellum. Therefore, we propose that the
ErbB-2 receptor is not involved in normal human cerebellar develop

ment.
Because ErbB receptor signaling is activated through their recruit

ment into helero- and homodimers by cognate ligands. we have also
analy/ed expression of NRGl-a and NRGI-ÃŸ.which are ligands for
ErbB-3 and ErbB-4. NRG l -ÃŸexpression displayed a similar temporal
expression pattern to that of ErbB-4. but within the EGL, was con
fined to a single outer layer of cells in the "multiplying /.one" (Fig. 2,

a and b). In contrast, NRGl-a could not be detected in either pre- or
postnatal cerebellum by IHC' (data not shown) or Western blotting

(Fig. 3). These data are in keeping with the previously reported
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distribution pattern of the NRG1 ligands. The NRG1-/3 isoforms are

predominantly expressed in neuronal tissue, whereas the a isoforms
are principally produced by mesenchymal tissue (16). Furthermore,
recent evidence from work in rodent tissue indicates that the ErbB-4

receptor is the major transducer of NRG1 signaling in developing
cerebellum (34). with the full-length NRG1-/3 protein but not the a

isoform having a significant effect on the phenotype of cultured
cerebellar cells in vitro (33).

During development, ErbB-NRG signaling within tissues appears
to operate through a system of receptor-ligand, short-range paracrine
interactions (1). With regard to interplay between the ErbB-4 and

NRGs during cerebellar development, one recent study has reported a
critical role for these proteins in coordinating the migration of granule
cell precursors from the EGL to the IGL during rat postnatal cerebel
lar development (32). In the present study, we have demonstrated
expression of NRGl-ÃŸby a single outer layer of germinal cells in the
multiplying zone of the EGL. This NRG l -ÃŸexpression occurred in
parallel with ErbB-4 receptor expression by cells of the underlying
EGL. In the context of the paracrine model in which ErbB-NRG

signaling appears to operate, this pattern of expression suggests that
the outer layer of cells in the EGL multiplying zone may act as a
source of NRGl-jS for the stimulation of the underlying, primitive,
ErbB-4-expressing cells.

As outlined above, we have previously reported the frequent
expression of ErbB-2 expression in medulloblastoma primary tu

mors. However, in contrast, we and others have not detected
expression of this receptor in the cerebellum at any time during
pre- and postnatal development (Fig. 2, a-d, and Fig. 3; Ref. 56).
Although the present study cannot rule out a short period of ErbB-2

expression by very immature cerebellum (<15 weeks gestation),
there is another, more likely explanation for the difference between
the levels of this receptor in tumor and normal cerebellar tissue.
We propose that abnormal positive deregulation of ErbB-2 recep

tor expression within the EGL during development is a major
contributing factor in the initiation and or progression of medul
loblastoma. This would result in the expression of ErbB-2 receptor
by EGL cells already expressing ErbB-4, adjacent to a source of
NRGl-ÃŸ ligand. Under these conditions, the formation of low-
affinity ErbB-4 homodimers with low signaling potency (which

our IHC results suggest are likely to mediate normal EGL ErbB
receptor signaling), would be superseded by formation of the
high-affinity, high-potency ErbB2/ErbB-4 heterodimer (22, 23,

53). In support of this hypothesis, work in vitro has demonstrated
that although NIH 3T3 cells expressing ErbB-4 only can respond to

NRG stimulation by increasing cell proliferation (a potential role
for ErbB-4/NRG interplay in the normal multiplying zone of the

EGL), it does not result in malignant transformation (53). How
ever, the response to NRG by NIH 3T3 cells coexpressing both
ErbB-2 and ErbB-4 is dramatically different, leading to increased

receptor phosphorylation and malignant transformation as meas
ured by focus formation (53).

The possibility that deregulated ErbB-2 receptor expression by
ErbB-4-expressing EGL cells may result in an oncogenic ErbB-NRG

autocrine loop in medulloblastoma was investigated further in the
present study by: (a) comparing ErbB receptor mRNA levels in
normal cerebellum and medulloblastoma samples; and (b) investigat
ing the expression of the NRG1-/3 in medulloblastoma tumor samples

whose ErbB receptor expression status was known.
Although limited in number, our RT-PCR analyses do support

the hypothesis that ErbB-2 and ErbB-4 overexpression is an im

portant feature of this malignancy. In tumor samples, we found
mRNA levels of these two receptors to be equivalent to or greater
(5-15 times greater in the case ErbB-2) than that of normal

postnatal cerebellum (Fig. 4 b and d). In contrast, estimated ErbB-1
and ErbB-3 mRNA levels in primary tumors were equal to or less

than that of normal tissue (Fig. 4, a and c). The likelihood that
these latter two receptors are of less biological significance in this
disease is suggested by this result and their much lower frequency
of expression in medulloblastoma and lack of influence on patient
prognosis (39). Moreover, although expression of ErbB-1 and
ErbB-3 was observed by us in developing cerebellum, in contrast
to ErbB-4 their distribution was limited to sites outside the mul

tiplying zone of the EGL, where malignant transformation is most
likely to occur (Fig. 2).

In addition to the high expression levels of ErbB-2 and ErbB-4 in
medulloblastoma, the present study identified NRG1-/3 ligand expres

sion in 87.5% (46/48) of medulloblastoma tumor samples analyzed.
This confirms the coexpression of all three members of the proposed
autocrine loop, i.e., ErbB-2, ErbB-4, and NRG1-/3 in a high propor

tion of primary tumors. Furthermore, we observed the greatest NRG
expression levels in patients with the highest levels of ErbB-2 and
ErbB-4 expression. All cases whose tumors had >50% ErbB-2-
immunopositive cells and expressed ErbB-4, and hence particularly
aggressive disease (39), expressed the NRGl-ÃŸ ligand, with almost
one-half displaying intense expression in >50% of tumor cells. In
addition, tumor coexpression of ErbB-2, ErbB-4, and NRGl-ÃŸ at

diagnosis was significantly related to the presence of central nervous
system mÃ©tastasesat diagnosis (P < 0.05).

Finally, a number of observations from our IHC results suggest that
in addition to the activation of the ErbB receptors, the NRGl-ÃŸligand
may have receptor-independent functions in medulloblastoma. In par

ticular, a number of tumors were identified that expressed high levels
of ligand in the absence of either the ErbB-3 or ErbB-4 receptors, and
in many tumors the unexpected pattern of NRGl-ÃŸ nuclear immuno-

reactivity was observed (Fig. 5). Although these results may reflect
cross-reactivity of the antibody and false-positive results, the consis

tency observed in our IHC controls and the identification of a single
correctly sized protein in Western blotting (Fig. 3) do not support this.
Rather, we believe that our results are in keeping with the increasing
recognition that these growth factors are multifunctional. Nuclear
targeting-like sequences have been identified at the NH2 terminus of

both a and ÃŸNRG1 isoforms (10), and nuclear accumulation after
internalization has also been reported for some ErbB-1-specific li
gands, e.g., amphiregulin (57). Furthermore, using immunofluores-

cence microscopy, Li et al. (58) recently demonstrated the uptake and
accumulation of NRGl-ÃŸ in the nucleus of cultured SK-BR-3 breast
cancer cells. This was shown to be associated with the up-regulation
of expression and nuclear translocation of c-myc (58). The amplifi

cation and/or overexpression of this oncogene has been reported
previously in medulloblastoma (59). Therefore, in addition to activat
ing the RTK I receptors, the NRGs may contribute to the malignant
phenotype in medulloblastoma by inducing the synthesis and nuclear
transport of c-myc. We are presently analyzing the relationship be
tween the expression of this oncogene and the NRGl-ÃŸ ligand in the

present study population.
In summary, these data, in concert with our previous observations

of ErbB receptor expression in medulloblastoma (39), support the
hypothesis that deregulation in the expression of ErbB-2 within the

EGL during development may significantly contribute to the initiation
and or malignant progression of medulloblastoma and that this is
mediated through receptor heterodimerization between ErbB-2 and
ErbB-4 under the stimulatory effect of NRGl-ÃŸ. In addition, the
NRGl-ÃŸligand may contribute to the malignant phenotype in medul
loblastoma through receptor-independent mechanisms.
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