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Abstract
Aims—We report a comparative study on the mRNA expression of ErbB receptor tyrosine
kinases, and in particular ERBB4 transcript variants, in two common paediatric brain tumours:
medulloblastoma (MB) and pilocytic astrocytoma (PA).

Methods—While the conventional real-time quantitative PCR was used to measure the
expression of ERRBs and ErbB4-processing proteases genes, the LightCycler FRET probes were
specifically designed to investigate all of the known ERBB4 juxtamembrane (JM) and
cytoplasmic (CYT) transcript variants.

Results—The overall expression of ERBBs suggests that ErbB2/ErbB4 heterodimers and ErbB4
homodimers may be major functional units of the ErbBs in MB, while ErbB2/ErbB3 heterodimers
may play a more prominent role in addition to ErbB4-containing dimmers in PA. Different
expression patterns of ERBB4 JM transcripts in MB, PA and normal brain were observed. The
JM-d variant was only detected in MBs, while JM-c was present in MB and PA but was not
identified in normal brain. The expression of cleavable ERBB4 transcript variants was elevated in
PAs and MBs compared to normal brain, while mRNA levels of ErbB4-processing proteases were
similar in both tumour types and normal brain. This suggests that proteolytic cleavage of ErbB4
may be more common in MB and PA, which leads to signaling events divergent from those in
normal brain.

Conclusion—Taken together, these results suggest that ErbB4 processing and function may be
altered in brain tumours such as MB and PA via differential expression of JM transcript variants.
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Introduction
The ErbB subfamily of receptor tyrosine kinases (RTKs) consists of four receptors:
epidermal growth factor receptor (EGFR/ErbB1/Her1), ErbB2 (Neu/Her2), ErbB3 (Her3),
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and ErbB4 (Her4). Alterations of ErbB1 and ErbB2 can result in oncogenic activity, and
they are currently being targeted in cancer therapy [1]. However, the role in tumourigenesis
of the most recently characterized ErbB family member, ErbB4, is less clear. For example,
an oncogenic role for ErbB4 in breast cancer has been suggested in both cell biological [2-4]
and clinical [5, 6] studies, while other findings indicate that ErbB4 can mediate anti-
proliferative and differentiation responses in breast cancer cells [7-9] and that its expression
is associated with a favorable prognosis [10-12].

Recent studies suggest that these opposing roles may be explained by proteolytic processing
of the ErbB4 proteins encoded by alternatively spliced transcript variants. Several
alternatively spliced isoforms of ErbB4 have been identified, which vary either in the
extracellular juxtamembrane region (four JM isoforms) or the cytoplasmic region (two CYT
isoforms).

The JM isoforms differ in their sensitivity to proteolytic cleavage by tumour necrosis factor-
α-converting enzyme (TACE). It has been shown that the JM-a isoform with a 23 amino-
acid cassette encoded by exon 16 (exon 16a, Fig. 1) represents a cleavable form of ErbB4,
whereas the JM-b isoform with a unique 13 amino-acid cassette encoded by an alternatively
spliced exon (exon 16b, Fig. 1) is protease resistant [13, 14]. In addition, two rare ErbB4
isoforms, JM-c (with neither the 23 amino acids from JM-a nor the 13 amino acids from JM-
b) and JM-d (with both cassettes) were identified in a study of medulloblastomas (MB) [15].
While the JM-c isoform would be expected to be resistant to cleavage and the JM-d isoform
cleavable, this has not been demonstrated as yet. The cleavage of ErbB4 by TACE causes
receptor ecto-domain shedding from the cell surface [14] and triggers a secondary cleavage
by γ-secretase within the membrane region of ErbB4, releasing a soluble intracellular
domain (ICD) [16, 17]. The ICD of ErbB4 can have several fates. It may either translocate
into the nucleus [16] to regulate gene transcription [18-21], be sequestered and retained in
the cytoplasm [22], or function as a BH3-only protein to promote mitochondria-regulated
apoptosis [21, 23].

Alternative splicing also affects the primary structure of the cytoplasmic domain of ErbB4
proteins. The CYT-1 isoform has a docking site for the SH2-domain of phosphatidyl
inositol-3 kinase (PI3K) and a putative WW-domain binding motif, which is encoded by an
additional exon (exon 26, Fig. 1) not included in the CYT-2 transcript [18, 24, 25]. Thus, the
alternatively spliced variants of ERBB4 can potentially generate receptors with eight
different primary structures, each providing different signaling capabilities and leading to
diverse cellular responses: proliferation, differentiation, apoptosis or survival.

Most of the above findings are based on studies with breast cancers or breast cancer cell
lines. The brain is an organ with naturally high expression of ErbB4 [26], and it has been
shown that nuclear signaling by proteolytically cleaved ErbB4 directly regulates neural
precursor cell fate during development [27]. However, only a few studies have investigated
the roles of ErbB4 in brain tumours. A relationship between elevated co-expression of
ErbB4 and ErbB2 in MB and increased metastatic disease with reduced survival has been
reported [28-30]. One further study suggests that the ErbB4 CYT-1:CYT-2 ratio positively
correlates with ErbB2 levels and may be an indicator of MB aggressiveness [31]. Despite
the fact that the two rare ERBB4 variants, JM-c and JM-d, were first identified in MB [15],
no quantitative analysis of all the known ERBB4 transcript variants has been conducted to
date.

Here we present a comprehensive expression analysis of all ErbB family receptors together
with a detailed quantitative study of all the known ERBB4 JM and CYT transcript variants
in two common paediatric tumour types with very different biological characteristics, the
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highly malignant medulloblastoma and the relatively benign pilocytic astrocytoma (PA). In
addition, this is the first study to examine in parallel the expression of genes whose products
are involved in the proteolytic cleavage of ErbB4 isoforms.

Materials and methods
Clinical tissue samples, RNA isolation and cDNA synthesis

RNA from a total of 31 medulloblastoma (MB) samples and 35 pilocytic astrocytoma (PA)
samples were included in the analysis. The tumours were resected at the Karolinska
Hospital, Stockholm and the Sahlgrenska University Hospital, Gothenburg, Sweden,
between 1987-1997. The study was approved by the Ethical Committee of the Karolinska
Hospital (No. 91:16) and Cambridge Local Research Ethics Committee, Cambridge, UK
(Ref. LREC 03/115). Histopathological classification was revised according to the most
recent World Health Organization (WHO) recommendations [32]. All MB cases in the
analysis were classic medulloblastomas and there were no desmoplastic or large-cell
variants; none of the PA cases showed features consistent with a diagnosis of pilomyxoid
astrocytoma. Detailed clinical characteristics and genomic analysis of the MB and PA series
used in the study were described previously by M McCabe [33] and D Jones [34]
respectively. All tumour pieces were selected for nucleic acid extraction after histological
examination to ensure a minimum composition of 70% tumour cells.

Total RNA was extracted from human tissue as described previously [35]. Normal cerebellar
RNA was a mixture of equal amounts of RNA extracted from the cerebellum of two
individuals who died from non brain-related disease (obtained from the Cambridge
University Hospitals Human Tissue Bank, Cambridge, UK). Total brain RNA (FirstChoice
Human Brain Reference RNA, Ambion, Austin, TX) was pooled from multiple donors and
several brain regions as described by the manufacturer.

RNA quantity and purity was checked by absorbance measurements at A260/280 using a
NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Two
micrograms of total RNA were used for each cDNA synthesis reaction. To ensure no
genomic DNA contamination, DNase I treatment was performed (amplification grade
deoxyribonuclease I, Invitrogen, Paisley, UK) before reverse transcription by SuperScript III
Reverse Transcriptase (Invitrogen, Paisley, UK), followed by ribonuclease H (Invitrogen,
Paisley, UK) treatment, according to the manufacturer’s protocol. Each cDNA sample was
then diluted to 100 μl before being used as a template for quantitative PCR.

Real-time quantitative PCR using SYBR Green I
All the PCR primers used in quantitative PCR are listed in Table 1. Primers for ERBB1,
ERBB2 and ERBB3 were as previously described by Junttila et al [36]. All other primers in
the study were designed by the authors. Real-time quantitative PCR was carried out using a
LightCycler Instrument (Roche Diagnostics, Mannheim, Germany) and LightCycler
FastStart DNA Master SYBR Green I (Roche Diagnostics, Burgess Hill, UK), following
manufacturer’s recommendations. Briefly, 1 μl of the cDNA solution described above was
used in a 10 μl PCR reaction containing 1x SYBR Green I master mix with an appropriate
concentration of MgCl2 and primers. All samples were run in duplicate. Each PCR run also
included a no-template control as well as a consistent triplicate calibrator comprising a
mixture of multiple cDNAs as template, to normalize the data from several PCR runs for the
same target cDNA. 18S ribosomal RNA expression was used as an internal reference for
relative quantification, as described elsewhere [37].
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Real-time quantitative PCR using LightCycler Hybridization Probes
Two sets of LightCycler hybridization probes were used to specifically detect the expression
of all the ERBB4 JM and CYT related transcript variants identified to date. The design of
the primers and probes used in the assay are shown in Figure 1, and the sequences are listed
in Table 1. Probes were synthesized by Metabion (Martinsried, Germany). Real-time PCR
experiments were carried out using a LightCycler 480 system (Roche Diagnostics, Burgess
Hill, UK). To measure the expression of each JM and CYT variant, 1 μl of cDNA solution
was used in a 10 μl PCR reaction containing 1x LightCycler 480 Probes Master (Roche
Diagnostics, Burgess Hill, UK) with appropriate primers and probes (Fig. 1). The LC480
instrument was employed in Multi Color HybProbe detection format with a filter
combination of Fluos (483-533 nm), Red 610 (483-610 nm) and Red 640 (483-640 nm),
according to the manufacturer’s protocol. Each sample was run in duplicate, and each run
included a no-template negative control as well as the consistent calibrator (mixture of
various cDNA as template) in triplicate. Parallel experiments were done for 18S rRNA and
hexose 6-phosphate dehydrogenase (H6PD) using LightCycler 480 SYBR Green I Master
(Roche Diagnostics, Burgess Hill, UK) and running with SYBR Green I (483-533 nm)
detection format. The expression levels of the two genes were used as internal references to
normalize cDNA input quantity across samples when doing relative quantification analysis.
Both absolute and relative quantification analyses were performed using LC480 software
version 1.2, following manufacturer’s instructions.

Statistical methods
Results are expressed as means ± s.d. from an appropriate number of experiments as
indicated in figure legends. Statistical differences were analysed by a Student’s t-test with a
significance level set at p<0.05.

Results
Relative mRNA expression of ErbB family RTKs in MB, PA and normal brain

The overall transcript expression pattern for the four ErbB family RTKs, ErbB1-4, was
compared for the two series of common childhood tumours (31 MB and 35 PA cases) and
normal brain tissues (cerebellum and total brain). Transcripts encoding transmembrane
regions of ErbB1, ErbB2 and ErbB3 [36], and the tyrosine kinase (TK) domain of ErbB4
were analyzed by real-time RT-PCR using a SYBR Green I system. This analysis showed
that ERBB2 was highly expressed in both MBs and PAs when compared with the normal
brain samples (Fig. 2). ERBB1 expression was higher in MB than in PA (P<0.05) and
normal brain, ERBB3 mRNA was expressed at significantly higher levels in most PAs when
compared with MB (P<0.05) and normal brain. This is consistent with previous microarray
data reporting the paired over-expression of ERBB3 and SOX10 in PA [38]. Both tumour
types had ERBB4 expression levels that were close to that of normal brain tissues, but the
average mRNA levels of MB showed a trend slightly above those of PA (P=0.08).

We have previously reported high-resolution whole-genome array-CGH analyses of these
tumours [33, 34]. In no cases were the genes encoding the ErbB receptors involved in small,
focal deletions or amplifications. However, the genes were frequently encompassed by
large-scale genomic gains or losses, usually extending to involve the majority of a
chromosome arm or whole chromosome. There were single copy gains of a large region
encompassing ERBB1 in 10 of the 31 MB cases and 10 of the 35 PA cases; single copy
gains of ERBB2 in 14 MBs but not in any PAs; and single copy gains of ERBB3 in two
MBs and two PAs. ERBB4 was encompassed by a region of single copy gain in one MB and
single copy loss in four MBs while no copy number changes in the ERBB4 region was
found in PAs. We then compared the expression data with the array-CGH data. However, no
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correlation between the copy number changes and the expression levels of ERBBs was
found in the series of MBs or PAs (data not shown).

Relative expression of ERBB4 transcript variants between MB, PA and normal brain
Differences in the splice variants of ERBB4 were investigated in order to determine whether
ErbB4 might function differently in MB, PA and normal brain even though mRNA
expression levels are similar, as shown in Figure 2.

To specifically measure the mRNA level of all the known ERBB4 transcript variants, and
especially to detect the JM-c and JM-d transcripts, LightCycler hybridization probes were
used in real-time RT-PCR analysis. Figure 1 shows the design of this experiment. To
measure the expression of the four ERBB4 JM variants, for example, donor probes (F1 and
F2) homologous to the 3′ ends of exons 15 and 16b and acceptor probes (R1 and R2)
matching the 5′ ends of exons 16a and 17 were generated. By employing FRET technology
in real-time PCR, different combinations of the above probe pairs can specifically recognize
the alternative splice junctions in each of the four known JM transcript variants. Thus, F1
and R1 probes can specifically detect JM-a, F2 and R2 detect JM-b, F1 and R2 detect JM-c,
and F2 and R1 detect JM-d (Fig. 1). Theoretically, there would be no cross-reaction caused
by non-specific binding during probe hybridization and signal detection procedures. We
proved the specificity of the hybridization probes by performing control experiments using
plasmid DNA with cloned ERBB4 transcript variants as templates prior to detecting the
transcripts in tumours and normal brain tissues.

The relative expression of each ERBB4 transcript variant in MB and PA cases, using 18S
rRNA as a normalization reference, is shown in Figure 3. Since the expression of ERBB4
transcript variants are much lower than that of 18S, another reference (H6PD) known to
have low but even expression in MB, PA and normal brain was also used in this study, to
ensure no inaccuracies were generated by using an inappropriate reference gene for relative
quantification. Analysis using H6PD (data not shown) showed a similar pattern of results to
those generated by 18S (Fig. 3). So, to be consistent with the other qPCR experiments using
18S as a reference, only the 18S results are presented here.

The JM-a, JM-b, CYT-1 and CYT-2 variants of ERBB4 are differentially expressed in MBs
and PAs. The expression levels of those ERBB4 transcripts are generally higher in MBs than
in PAs (P<0.05). The JM-d transcript variant was only found to be expressed in MB
tumours, while JM-c was expressed in both MBs and PAs at similar levels (P=0.1).
However, neither JM-c nor JM-d could be detected in normal brain tissues (cerebellum or
total brain) (Fig. 3).

Composition of ERBB4 transcript variants in individual tumours and normal brain
To demonstrate the expression pattern of ERBB4 transcript variants in individual MB and
PA tumours and in normal brain, the percentage of each variant as a proportion of total JM
or CYT transcripts was calculated for each sample by absolute quantification analysis of the
real-time PCR data generated with hybridization probes.

There were clear differences in the expression patterns of ERBB4 JM transcripts between
the two tumour types (MB and PA), and also between the tumours and normal brain tissues
(Fig. 4, upper panel). In cerebellum and total brain, ERBB4 JM transcripts consist solely of
the JM-a and JM-b variants. JM-b is the predominant transcript in normal brain tissues
(around 65%), while JM-a was expressed at a lower level (around 35%). This is consistent
with previous real-time RT-PCR data on alternative splicing of ERBB4 in normal human
tissues [39], which found that brain, cerebellum, skeletal muscle and heart expressed
predominantly the JM-b transcript. In most PA tumours, however, JM-a was expressed at
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higher levels than JM-b. On average, around 60% of JM transcripts in PA tumours were JM-
a, while only around 30% were JM-b. Furthermore, the JM-c variant of ERBB4 was
detected in 17 out of 35 PA tumours (49%), and comprised on average about 7.4% of JM
transcripts in PAs. The transcript for the JM-c isoform was identified in 2/5 optic PAs, 2/4
hypothalmic PAs, 11/21 cerebellar PAs and 2 of the 4 PAs at other sites. Thus it appears to
occur in PAs at all common sites. Medulloblastomas showed a more complicated alternative
splicing pattern of ERBB4 JM transcripts than PAs. JM-a and JM-b comprised the major
types of JM domain in MB (around 70% of total JM expression) and were expressed in
almost every MB tumour sample in the series (except PM17R, which lacked JM-b
expression). In addition, 11 out of 31 tumours expressed JM-c (at around 5% of total JM
expression), and 20 of 31 expressed JM-d (at around 16% of total JM variants). Seven MB
tumours expressed all four of the JM transcript variants. Correlations between the expression
pattern of JM variants and the clinical data of the two series of tumours were analysed. No
association was found between the expression of any transcript variants of ERBB4 (or the
expression of cleavable isoforms) and survival (data not shown).

If the MB and PA cases studied are divided into childhood and adult using the cutoff age of
15 years, the expression of JM-c was more frequently found in adult cases of either MB
(63%) or PA (67%) than in childhood cases (26% of childhood MB and 42% of childhood
PA, Table 2). There was no relationship between the age of the patients and the expression
of JM-d transcripts in MBs

The expression pattern of CYT-region transcript variants was very similar among the
individual tumours of both types (Fig. 4, lower panel). The CYT-1:CYT-2 ratio in the PAs
and MBs was roughly 60:40 - slightly different from the pattern in normal brain tissues,
where CYT-1 and CYT-2 were equally expressed.

Relative expression of proteases responsible for ErbB4 cleavage in MB and PA
To test whether proteolytic processing of ErbB4 in MB and PA tumours is likely, the
expression level of transcripts coding for the proteases known to be involved in ErbB4
cleavage were assessed using real-time RT-PCR with gene-specific primers (Table 1) and
the SYBR Green I system. The results are shown in Figure 5.

The mRNA of TACE, the protease believed to first cut the JM-a isoform of ErbB4 at the
juxtamembrane region [14], showed similar expression levels in MBs to those of normal
brain tissues; while a higher average expression was found in the PAs (Fig. 5).

Presenilin is the catalytic subunit of the γ-secretase complex [40]. This complex cleaves
ErbB4 within its transmembrane domain after the ecto-domain has been removed by TACE,
releasing a soluble intracellular domain of ErbB4 [16, 17]. The expression levels of
transcripts for both homologs of Presenilin, Presenilin-1 (PS1) and Presenilin-2 (PS2), were
assessed. Similar levels of Presenilin mRNA were expressed in MB, PA, and in normal
brain (Fig. 5). Besides the Presenilins, three other proteins (Nicastrin, Pen-2 and Aph-1) are
necessary for γ-secretase complex function [41]. The expression of transcripts for these
proteins was also investigated. The data showed that substantial levels of mRNA for each of
these proteins were expressed in both MBs and PAs, at a slightly higher level (Nicastrin,
Aph1a) or at similar levels (Pen-2) to those seen in normal brain (Fig. 5).

Discussion
MB and PA are two of the most frequently occurring childhood brain tumours. MB is a
highly malignant, invasive embryonal tumour of the cerebellum, while PA is relatively
benign. This study compares the mRNA expression of the ErbB RTKs, and in particular the
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ERBB4 transcript variants in these two tumour types that represent opposite ends of the
malignancy spectrum of childhood brain tumours.

Dimerized receptors are the basic functional unit of ErbB signaling, with each partner
contributing unique features. In this study, we first measured the overall mRNA expression
patterns of ErbB family RTKs in the two series of MB and PA tumours by real-time RT-
PCR. ERBB2 was found to be over-expressed in both MBs and PAs when compared with
normal brain tissues (Fig. 2). The present qPCR data also confirmed a significantly higher
expression level of transcripts for ERBB3 in our series of PA tumours as compared to MB
and normal brain (Fig. 2). This confirms earlier reports using expression microarray analysis
[38]. Studies on the structure of the ErbB2 ectodomain have shown that it lacks the capacity
for ligand binding and does not readily form homodimers [42, 43]. Rather, it acts as a
preferred partner for the other activated ErbBs since its fixed conformation resembles the
ligand-activated state of EGFR [42-45]. ErbB3 does not have a functional kinase domain
and thus can also not form functional homodimers [46, 47]. However, heterodimers formed
by ErbB2 and ErbB3 are the most potent mitogenic and transforming dimers among all the
possible combinations of the ErbB receptors [45, 48-50]. The high levels of expression of
both ERBB2 and ERBB3 in PAs may therefore indicate a significant role for ErbB2/ErbB3
heterodimers in these tumours. In MB, the relative expression levels of ERBB1 transcripts
was higher than in PA and normal brain, but the expression levels of ERBB1 mRNA overall
in both tumour types appeared far lower than other ErbB family members (Fig. 2), making
implications of this finding unclear. Previous studies have reported that ErbB4 is highly
expressed in normal brain compared to many other normal tissues [26], and expression of
ErbB4 in association with ErbB2 is associated with poor prognosis in MB [28-30]. Our
qPCR data showed that total ERBB4 mRNA (as determined by measurements encompassing
the coding region for the TK domain) was expressed at a higher level in MB and normal
brain than in PA (Fig. 2). The trend to high expression levels of ERBB4 mRNA in MBs
(P=0.08, Fig. 2) was further confirmed by subsequent relative expression data of individual
ERBB4 variants (JM-a, JM-b, CYT-1 and CYT-2), as each of them showed significantly
higher expression levels in MBs compared to PAs (P<0.05, Fig. 3). In summary, the overall
expression of ERBBs suggests that ErbB2/ErbB4 heterodimers and ErbB4 homodimers may
be the major functional units of the ErbB family RTKs in MB, while in PA, ErbB2/ErbB3
heterodimers may play a more prominent role in addition to ErbB4-containing dimers.

Some reports indicate that differential expression of specific ErbB4 isoforms, rather than
changes in total ErbB4 expression, may be associated with some cancers. For example, a
protease-cleavable ErbB4 isoform (JM-a CYT-2) has been shown to promote growth of
estrogen receptor (ER) positive breast cancer [39], and an elevated CYT-1:CYT-2 ratio may
promote tumour growth and act as a prognostic indicator in MB [31]. We therefore analyzed
the expression of all ERBB4 JM and CYT transcript variants in MB, PA and normal brain.
Although an analysis of how the JM and CYT variants are combined is very difficult with
current technology, the expression levels of all the known ERBB4 JM or CYT transcript
variants were investigated specifically and quantitatively in this study by using real-time
PCR with FRET probes (Fig. 1). Previous real-time qPCR studies of ERBB4 transcripts
could not distinguish JM-d from either JM-a or JM-b and also could not assess JM-c
expression [36, 39, 51, 52]. Here we were able to compare the relative expression of each
ERBB4 transcript variant across the different tumour samples as well as the composition of
ERBB4 transcript variants in individual tumours.

Although the previous study demonstrated that CYT1:CYT2 ratios displayed correlation
with MB variants [31], no obvious differences in CYT-1:CYT-2 ratios were detected in our
series of MBs or PAs. The absence of differences in CYT1: CYT2 ratio in the present study
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could be related to absence in the series of desmoplastic as well as large cell MB variants
which included in the previous study.

However, the differential expression patterns of JM-related transcript variants between MB,
PA and normal brain are very interesting. Firstly, this study detected more alternatively
spliced ERBB4 transcript variants in tumour samples than in normal brain tissues. The rare
JM-d ERBB4 transcript was only detected in MBs while the other rare variant, JM-c, was
found in both MB and PA. Neither of these variants was detected in normal brain tissues
(cerebellum or total brain) (Fig. 3 and 4). The detection of both JM-c and JM-d in MBs is
consistent with previous findings by Gilbertson et al [15]. They also found the expression of
JM-d in developing fetal cerebellum but not in normal human adult cerebellum, so they
suggested that the expression of JM-d in MBs reflects the expression patterns seen in
primitive neuroectodermal tissue [15]. Thus, the lack of JM-c or JM-d expression in our
normal brain samples could be due to the fact that these tissues were of adult origin. It is
notable that not all the childhood MB cases showed JM-d expression, while its expression
was also detected in the majority of tumours from young adults (Table 2). Prior to the
present study, the JM-c variant of ERBB4 was reported only in some MBs [15]. This study
is therefore the first to report the existence of JM-c in PAs. Moreover, in both tumour types,
JM-c expression was more frequently found in adult cases (Table 2). These findings confirm
that in addition to the common JM-a and JM-b isoforms, other ERBB4 JM variants are
expressed in brain tumours. In the MBs, all known JM transcript variants are generally
expressed.

Another important feature of the pattern of ERBB4 expression in MB and PA is the elevated
percentage of cleavable transcript variants when compared with normal brain tissues (Fig.
4). In PAs, the JM-a variant encoding a cleavable isoform of ErbB4 was expressed as a
larger fraction of total JM variants than in normal brain. In MBs, although the average
expression of JM-a and JM-b is very similar (37% and 43% of total JM expression
respectively), the JM-d variant, which also possesses the TACE sensitive sequence and
represents another type of cleavable JM isoform, is expressed at around 16% of total JM
expression. Thus the total percentage of cleavable ErbB4 isoforms in MB (about 53% on
average) was also higher than in normal brain tissues. The expression levels of the
transcripts coding for the two proteases responsible for ErbB4 cleavage were relatively
constant in MB, PA and normal brain (Fig. 5). Together, these results suggest that
proteolytic processing of cleavable ErbB4 isoforms is more likely to occur in MB and PA,
and may lead to signaling events divergent from that in normal brain, where the TACE-
resistant JM-b isoform is predominantly expressed. Further studies on the protein-level
expression of ErbB4 isoforms and ErbB4-processing proteases in MB and PA tumours, and
the different subcellular localization of ErbB4 fragments in brain tumours or cell lines, will
therefore be required to examine the potential role of proteolytic cleavage of ErbB4 in the
behavior of brain tumours such as MB and PA.
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Abbreviations

CYT cytoplasmic region

ECD extracellular domain

FRET fluorescence resonance energy transfer

H6PD hexose 6-phosphate dehydrogenase

ICD intracellular domain

JM juxtamembrane region

MB medulloblastoma

PA pilocytic astrocytoma

PI3K phosphatidyl inositol-3 kinase

PS1 presenilin-1

PS2 presenilin-2

qPCR quantitative polymerase chain reaction

RTKs receptor tyrosine kinases

SP signal peptide

TACE tumour necrosis factor-α-converting enzyme

TK tyrosine kinase domain

TM transmembrane domain

WHO World Health Organization
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FIGURE 1.
Schematic representation of part of the exon structure of ERBB4 mRNA around the JM and
CYT regions, and the design of LightCycler hybridization probes for detecting the
expression of alternatively spliced variants. Two primer pairs, PC2338-PC5221 and
PC5268-PC5269 (shown by black arrows in the figure) that flank the JM and CYT variable
regions, respectively, were used to amplify all the JM and CYT related variants of ERBB4.
For quantitative analysis of each JM variant, two donor probes, F1 and F2, were designed
according to the 3′end sequences of exon 15 and exon 16b respectively and two acceptor
probes, R1 and R2, were designed to match the 5′end sequences of exon 16a and exon 17
respectively. Thus, the dual-labelled probe pair F1-R1 can specifically detect the JM-a
variant, while F2-R2 detects JM-b, F1-R2 detects JM-c and F2-R1 detects JM-d. For CYT
variant analysis, one donor probe (F3) homologous to the 3′ end sequence of exon 25 and
two acceptor probes (R3 and R4) matching 5′end sequences of exons 26 and 27 were used
to generate probe pair F3-R3 for CYT-1 and F3-R4 for CYT-2. The donor probes (F1, F2
and F3) were labelled with 3′ Fluorescein. The acceptor probes (R1, R2, R3 and R4) were
labelled with 5′ LightCycler Red 610 or 640 fluorescent dyes and the 3′ hydroxyl groups
were blocked with a phosphate to prevent Taq DNA polymerase extension. To avoid any
steric problems between the donor and acceptor fluorophores on a probe pair, a gap of 1 to 5
nucleotides (4 to 25Å distance) was designed to separate the two probes from each other.
During the annealing step of real-time PCR, the PCR primers and the LightCycler probes
hybridize to their specific target regions causing the donor dye (on the F probe) to come into
close proximity to the acceptor dye (on the R probe). When the donor dye is excited by light
from the LightCycler instrument, energy is transferred by Fluorescence Resonance Energy
Transfer (FRET) from the donor to the acceptor dye. The energy transfer causes the acceptor
dye to emit light at a longer wavelength which can be detected by the LightCycler
instrument’s optical unit. The increase in measured fluorescent signal is directly
proportional to the amount of accumulating target DNA and can therefore be used for real-
time quantitative PCR analysis. SP: signal peptide; I-IV: extracellular domains I-IV; TM:

Zeng et al. Page 13

Neuropathol Appl Neurobiol. Author manuscript; available in PMC 2010 February 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



transmembrane domain; TK: tyrosine kinase domain; CYT: cytoplasmic region; ECD:
extracellular domain; ICD: intracellular domain.
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FIGURE 2.
Relative mRNA expression of ErbB family receptors in MB, PA and normal brain. RNA
samples representing normal brain tissues (cerebellum and total brain), 31 MB tumours and
35 PA tumours were analyzed for transcripts encoding transmembrane regions of ErbB1,
ErbB2 and ErbB3, and the tyrosine kinase domain of ErbB4, by real-time RT-PCR.
Expression of 18S rRNA was used to normalize ErbB expression. SDs of two parallel
analyses were < 5% of the means. MB, medulloblastoma; PA, pilocytic astrocytoma.
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FIGURE 3.
Relative expression of ERBB4 transcript variants in MB, PA and normal brain. Real-time
RT-PCR with LightCycler Hybridization Probes was used to specifically detect the junctions
between alternatively spliced exons representing the ERBB4 transcript variants JM-a, JM-b,
JM-c, JM-d, CYT-1 and CYT-2. The relative expression of each variant was compared
between 31 MB tumours, 35 PA tumours and normal brain tissues (cerebellum and total
brain) using 18S rRNA as a reference for normalization. SDs of two parallel analyses were <
5% of the means. MB, medulloblastoma; PA, pilocytic astrocytoma.
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FIGURE 4.
Composition of ERBB4 transcript variants in individual tumour samples and normal brain.
LightCycler Hybridization Probes were used to specifically detect the junctions between
alternatively spliced exons representing the ERBB4 transcript variants JM-a, JM-b, JM-c,
JM-d, CYT-1 and CYT-2. The composition of ERBB4 variants in individual tumours was
calculated as the percentage of the total JM or CYT expression of each transcript variant.
The upper panel shows the composition of JM-region transcript variants and the lower panel
shows the CYT variants. The average expression pattern of 31 MB tumours and 35 PA
tumours was also calculated and used in comparison with normal brain tissues (cerebellum
and total brain). SDs of two parallel analyses were < 5% of the means. MB,
medulloblastoma; PA, pilocytic astrocytoma.
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FIGURE 5.
Relative mRNA expression of ErbB4-processing proteases in MB, PA and normal brain.
RNA samples representing normal brain tissues (cerebellum and total brain), 31 MB
tumours and 35 PA tumours were analyzed for transcripts encoding TACE and components
of the γ-secretase complex (Presenilin-1, Presenilin-2, Nicastrin, Pen-2 and Aph1a).
Expression of 18S rRNA was used to normalize protease expression. SDs of two parallel
analyses were < 5% of the means. MB, medulloblastoma; PA, pilocytic astrocytoma; TACE,
tumour necrosis factor-α-converting enzyme.
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