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Background: Platelet derived growth factor receptor o (PDGFRa) expression is typical for a variety of brain
tumours, while in normal adult brain PDGFRa. expression is limited to a small number of neural progenitor
cells. The molecular mechanisms responsible for the PDGFRa. expression in tumours are not known, but in
the absence of amplification, changes in transcriptional regulation might be an important factor in this
rocess.

Ir?Aethods and results: We have investigated the link between single nucleotide polymorphisms (SNPs)
within the PDGFRo. gene promoter and the occurrence of brain tumours (medulloblastomas, supratentorial
primitive neuroectodermal tumours (PNETs), ependymal tumours, astrocytomas, oligodendrogliomas, and
mixed gliomas). These SNPs give rise fo five different promoter haplotypes named H1 and H20-3. It is
apparent from the haplotype frequency distribution that both PNET (10-fold) and ependymoma (6.5-fold)
patient groups display a significant over-representation of the H25 haplotype. The precise functional role
in PDGFRa. gene transcription for the H25 haplotype is not known yet, but we can show that the H2§
haplotype specifically disrupts binding of the transcription factor ZNF148 as compared to the other
promoter haplotypes.

Conclusions: The specific over-representation of the H25 haplotype in both patients with PNETs and
ependymomas suggests a functional role for the ZNF148/PDGFRo. pathway in the pathogenesis of these
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tumours.

development and maintenance of tumours. It can be

due to abnormal expression or mutation of the growth
factor or its receptor, or activation of downstream signalling
pathways.

The platelet derived growth factor (PDGF) family consists
of five members, PDGF-AA, -AB, -BB, -CC, and -DD, which
bind to two different tyrosine kinase receptors, PDGF
receptor oo (PDGFRa) and PDGF receptor B (PDGFR). In
cultured cells, expression of PDGFRa renders a cell respon-
sive to most (AA, AB, BB, and CC) PDGF ligands. However,
during normal embryonic development it appears that only
PDGF-AA and -CC elicit PDGFRa mediated signalling, due to
the spatio-temporal distribution of ligands and receptors.
Receptor and ligand are typically expressed in separate but
adjacent cell layers of the embryo, thus generating paracrine
PDGF signalling.' Previous studies have shown that during
embryonic development PDGFRa is expressed in oligoden-
drocyte progenitors, early neuroepithelial cells, and neuronal
progenitors, for example, in the cerebellum, while the adult
brain shows very low levels of this receptor.”*

Autocrine PDGF signalling occurs in a wide variety of
tumours.” In particular, brain tumours have been well
documented to express the components necessary for PDGF
signalling. Both low and high grade astrocytomas,”” oligo-
dendrogliomas,®*” and ependymal tumours® have been
shown to express both PDGF receptors and ligands.
Whether there is co-expression of ligands and receptors by
the same cell has not been established as yet. In high grade
astrocytomas PDGFRP is expressed in the hyperplastic
capillaries, while PDGFRa and PDGF-A and -B were found
to be expressed in most tumour cells.” Cell lines derived from
high grade astrocytomas also express at least one of the two
PDGF receptors together with one or more of the ligands.” "

! berrant growth factor signalling is a key event in the

The levels of PDGFRa expression in astrocytic tumours are
elevated compared to normal brain; this is due to amplifica-
tion of the gene in only a small fraction of the tumours.” **
Simultaneous expression of PDGF ligands and receptors also
occurs in medulloblastomas and supratentorial primitive
neuroectodermal tumours (PNETs)."* " '

Mouse models further support a role for abnormal PDGF
signalling in brain tumour development. Forced expression of
PDGF-B in newborn mouse brains, either by cell type specific
or non-specific gene transfer, using retroviral vectors, induces
the formation of PDGFRa positive tumours with morpholo-
gies similar to many human brain tumours.” '* In addition,
recently it has been shown that PDGFRa and members of its
downstream signalling pathway are involved in the establish-
ment of medulloblastoma metastases.”” Together, these
studies indicate that PDGFRa may be a key component in
the pathogenesis of a variety of brain tumours.

Consequently, we hypothesised that anomalous control of
PDGFRa expression might increase the susceptibility of
individuals to develop PDGFRa positive brain tumours.

Transcriptional regulation is an important mechanism in
regulating protein levels. It contributes to the correct spatio-
temporal expression of the PDGFRa gene (PDGFRA) during
embryonic development.”® ' A number of transcription
factors (GATA4, C/EBP, PBX) have been identified which
regulate PDGFRA promoter activity in cultured cells in
response to extracellular signals.”*** A similar role in vivo
for these transcription factors remains to be established.

Recently, it has become evident that polymorphisms within
the PDGFRA promoter may also affect the transcriptional

Abbreviations: EMSA, electrophoretic mobility shift assay; PDGFR,
platelet derived growth factor receptor; PNET, primitive neuroectodermal
tumour; SNP, single nucleotide polymorphism
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regulation of this gene. Joosten ef al** have characterised a
number of polymorphic sites within the PDGFRA promoter,
which can be grouped into five haplotypes (H1, H2a, H2B,
H2y, and H29; fig 1). These promoter haplotypes displayed
large differences in their ability to drive reporter gene
expression when tested in human U2-0S osteosarcoma cells.
In addition, the promoter haplotypes with low transcriptional
activity were under-represented, whereas those with high
transcriptional activity were over-represented in patients
with neural tube defects compared to a normal population.
The transcription factors involved in this haplotype specific
PDGFRA promoter regulation remain unknown.

In our current study we have investigated the link between
PDGFRA promoter polymorphisms and brain tumour devel-
opment. For this purpose we have analysed a panel of low
grade astrocytomas, ependymal tumours, medulloblastomas,
PNETs, mixed gliomas, and oligodendrogliomas. Our results
demonstrate a characteristic over-representation of the H29
promoter haplotype in both PNETs and ependymomas. In
addition, analysis of haplotype specific binding of transcrip-
tion factors to the PDGFRA promoter demonstrated that in
comparison with the other promoter haplotypes, the H2d
haplotype promoter specifically fails to bind the transcription
factor ZNF148.

METHODS
Tumour and control DNA
The tumour (and paired blood when available) samples
originate from the Karolinska Hospital in Stockholm, the
Uppsala University Hospital in Uppsala, and the Sahlgrenska
University Hospital in Gothenburg. Classification of the
tumours was performed according to the most recent WHO
classification.” ** We used the following tumour samples
(mean age, range low-high): 40 medulloblastomas (10.0,
0.6-38), 12 PNETs (8.4, 0.2-23), 14 astrocytomas grade II
(33.9, 9-53), 14 ependymomas (40.8, 14-72), eight myxopapil-
lary ependymomas (39.4, 22-66), seven subependymomas
(52.4, 39-69), one anaplastic ependymoma (7), 20 oligo-
dendrogliomas (44.6, 24-73), eight anaplastic oligodendro-
gliomas (50.3, 7-73), 10 oligoastrocytomas (35.6, 11-70),
and four anaplastic oligoastrocytomas (43.3, 25-64). The
control group blood samples originated from 91 anonymous
healthy blood donors at the Uppsala University Hospital.

The control sample blood DNA was extracted according to
the protocol described by Miller ef al,”” while tumour and
paired blood DNA samples were prepared as described
previously.*

Ethical permission was obtained from the ethical boards of
Uppsala University Hospital, Karolinska Hospital, and
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Sahlgrenska Hospital, as well as from the local research
ethical committee at Addenbrooke’s Hospital.

PCR amplification and nucleotide sequence analysis
Samples (20-100 ng) of genomic DNA were amplified in a
30 ul volume containing a primer pair (4 pmol of each
primer), 100 mM deoxyribonucleoside triphosphates, 1 U
AmpliTaq Gold (PE Biosystems, Foster City, CA, USA), and
1 xPCR buffer with 3 mM MgCl, (PE Biosystems). The
PDGFRA promoter single nucleotide polymorphisms (SNPs)
were amplified in two separate reactions with the following
primer pairs (nucleotide (nt) numbering according to
GenBank accession X80389): PDGFRAp-1562F: 5'-TTT GTT
CCC GCT CAT TTT CT-3" and PDGFRAp-1340R: 5'-ATG TCA
GCC TCG AAA ACA GG-3' (nt 566-790); PDGFRAp-1110F:
5'-TCA GAG AGC GAT GAA GGT GA-3" and PDGFRAp-759R:
5'-TTG TTT TCG GGG TTA TCT GG-3' (nt 1021-1371).

Aliquots (10 pl) of the PCR product were checked for size
by agarose gel electrophoresis and the remaining product was
treated (45 min, 37°C) with 1 U exonuclease I (New England
Biolabs, Beverly, MA, USA) and 2 U shrimp alkaline
phosphatase (Roche, Penzberg, Germany). After an enzyme
inactivation step (15 min, 80°C), 4 ul of the PCR product was
directly sequenced using BigDye terminator chemistry (PE
Biosystems) and one of the PCR primers. The sequencing
reactions were run on an ABI 377 automated sequencer (PE
Biosystems) and subsequently analysed using Sequence
Navigator Version 1.01 (PE Biosystems).

Cell culture and transfections

The PDGFRA promoter-luciferase plasmids have been
described elsewhere,” and the B-actin promoter-LacZ plas-
mid was a gift from Dr R de Groot, University of Utrecht. The
cell lines D324 Med and NIH3T3 were grown in Dulbecco’s
modified Eagle medium and the cell line PFSK-1 was grown
in RPMI with in both cases the addition of 10% fetal calf
serum. The day before transfection, cells were plated in a
six well dish at a cell density of 175x10°/well (D324 Med),
275x10°/well  (PFSK-1), and 300x10°/well (NIH3T3).
PDGFRA promoter-luciferase plasmid DNA was isolated using
the Qiagen High Speed midi-prep kit (Qiagen, Hilden,
Germany). DNA from two independent isolations was used
in the transfection assays. Transfections were performed
using Fugene6 (Roche), following the manufacturer’s
instructions. Luciferase and f-galactosidase levels were
determined as described.”

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts from PFSK-1 cells were prepared as
described.” Oligonucleotides for EMSA were synthesised
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SNP no. 1 2 3 4 5 6 7
HI -AACTT G A G C A C T -GA
H2a +AACTT A G C C G C G +GA
H2B +AACTT A A C C G C G +GA
H2y +AACTT A G C C G A G +GA
H28 +AACTT A G C A G C G +GA
Figure 1

position relative to the transcriptional initiation site; GenBan

Schematic drawing of the PDGFRA promoter polymorphisms. Nine different polymorphic sites (vertical bars, numbers above refer to the
Zaccession number is X80389) can Ee identified within the PDGFRA promoter region, of

which seven are SNPs (numbered below). These polymorphisms can be grouped into five haplotypes, as indicated by the sequence. The arrows
represent the location of the PCR primers used in the present analysis. Adapted from Joosten et al.**
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A Diffuse Mixed glioma/
Control Medulloblastoma PNET! Ependymal tumour astrocytoma oligodendroglioma
H1 36 0.1978 18 0.2250 6 0.2500 10 0.1667 3 0.1071 18 0.2143
H2a 123 0.6758 44 0.5500 14 0.5833 41 0.6833 19 0.6786 55 0.6548
H28 13 0.0714 12 0.1500 0 0.0000 4 0.0667 4 0.1429 9 0.1071
H2y 7 0.0385 2 0.0250 0 0.0000 2 0.0333 2 0.0714 2 0.0238
H23§ 3 0.0165 4 0.0500 4 0.16672 3 0.0500 0 0.0000 0 0.0000
Total 182 1.0000 80 1.0000 24 1.0000| 60 1.0000 28 1.0000 84 1.0000
Myxopapillary Anaplastic
Ependymoma ependymoma Subependymoma ependymoma
4 0.1429 3 0.1875 3 0.2143 0 0.0000
16 0.5714 12 0.7500 11 0.7857 2 1.0000
4 0.1429 0 0.0000 0 0.0000 0 0.0000
1 0.0357 1 0.0625 0 0.0000 0 0.0000
3
1) Fisher 5x 2, p = 0.014 3 0.1071 0 0.0000 0 0.0000 0 0.0000
2) Fisher 2 x 2, p = 0.004 28 1.0000 16 1.0000 14 1.0000 2 1.0000
3) Fisher 2 x 2, p = 0.032
B Diffuse Mixed glioma/
Control Medulloblastoma PNET® Ependymal tumour? astrocytoma oligodendroglioma
AA 1 0.0110 2 0.0500 2 0.1667 0 0.0000 0 0.0000 0 0.0000
AC 1 0.0110 0 0.0000 0 0.0000 3 0.1000 0 0.0000 0 0.0000
cc 89 0.9780 38 0.9500 10 0.8333 27 0.9000 14 1.0000 42 1.0000
91 1.0000 | 40 1.0000 12 1.0000 | 30 1.0000 14 1.0000 | 42 1.0000
Myxopapillary Anaplastic
Ependymoma?® ependymoma Subependymoma ependymoma
0 0.0000 0 0.0000 0 0.0000 0 0.0000
3 0.2143 0 0.0000 0 0.0000 0 0.0000
11 0.7857 8 1.0000 7 1.0000 1 1.0000
4) Fisher 3 x 2, p =0.047
5) Fisher 3 x 2, p = 0.007 14 1.0000 8 1.0000 7 1.0000 1 1.0000

6) Fisher 3 x 2, p = 0.066

Figure 2 PDGFRA promoter haplotype/genotype frequencies for the control and tumour groups. (A) Distribution of PDGFRA promoter haplotype
frequencies. The haplotype frequency distribution of the PNET group differs significantly from the control group ("p=0.014). Within this PNET group,
the H28 haplotype is 10-fold over-represented compared to the controls (%o =0.004). The H28 haplotype is also over-represented in the gra(?e Il
ependymomas (°p=0.032). (B) Distribution of the SNP4 genotype frequencies. The SNP4 genotype frequency for the ependymal tumours is
significantly different from the control group, with an over-representation of the AC (H23 heferozygotes) genotype (“p=0.047). This over-
representation is even more apparent in the ependymoma group (°p=0.007). The H25 homozygous genotype (AA) shows a tendency to be over-

represented in PNETs (¢p=0.066).

as single oligonucleotides (DNA Technology, Aarhus,
Denmark). They were pairwise mixed at equimolar amounts,
incubated for 5 min at 100°C, and annealed using a
decreasing temperature gradient. The following sequences
represent only one strand of the complementary oligonucleo-
tides (nt 1046-1065 of GenBank accession X80389): SNP4C:
5'-CTC CCC TCC CCC GCT GTC GC-3"; SNP4A: 5'-CTC CCC
TCC CAC GCT GTC GC-3'; SNP4M1: 5'-CTC CCC TCA CCC
GCT GTC GC-3'; SNP4M2: 5'-CTC CCC TCC CCC ACT GTC
GC-3".

A double stranded consensus SP1 oligonucleotide (5"-ATT
CGA TCG GGG CGG GGC GAG C-3') was purchased from
Promega (Madison, WI, USA).

Double stranded oligonucleotides were labelled using
polynucleotide kinase (New England Biolabs, Beverly, MA,

USA) and y>?P-ATP (Amersham, Uppsala, Sweden). A 1-2 pl
sample of nuclear extract was used in a 20 pl EMSA reaction
containing 20 mM Hepes pH 7.9, 100 mM NacCl, 35 mM KCl,
5mM MgCl,, 1 mM DIT, 10% glycerol, 1 pg poly(dI-
dC).poly(dI-dC) (Amersham Biosciences, Uppsala, Sweden),
and 0.01 pmol labelled oligonucleotide. The reactions were
incubated for 20 min at room temperature and subsequently
analysed on a 4% native polyacrylamide gel.

MatlInspector analysis

Analysis of the SNP4 containing sequence (nt 1046-1065 of
GenBank accession X80389) for putative transcription factor
binding sites was performed using Genomatix Matinspector
professional release 6.2.1.>° We used a threshold of 0.75 for
core similarity and the optimised setting for matrix similarity.
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RESULTS

PDGFRA promoter haplotypes and genotypes in
human brain tumours

The PDGFRA promoter region contains a number of poly-
morphisms, which can be organised into two subfamilies, H1
and H2, as shown in fig 1. The H2-subfamily can be further
divided into four variants, thus creating a total of five
different haplotypes. Since previous studies* *' have indi-
cated that the PDGFRA promoter haplotype distribution may
be geographically specific, we first analysed the PDGFRA
promoter haplotype distribution in a Swedish population. For
this purpose we amplified the PDGFRA promoter region
containing SNP1 through SNP6 (which enables us to
distinguish all five haplotypes) from 91 control samples
and determined the haplotypes by nucleotide sequence
analysis. As shown in fig 2A, more than 87% of the
haplotypes are either H1 or H2o, while the H2B, H2y, and
H26 haplotypes account for small fractions of the total. The
nucleotide sequence analysis of the control samples did
not give any indications of the existence of additional
polymorphisms in the promoter region or of additional
haplotypes.

Subsequent analysis of the tumour samples (fig 2A) shows
that the overall haplotype distribution of PNETs deviates
from the control group (Fisher exact test, p=0.014), with a
more than 10-fold over-representation of the H24 haplotype
(Fisher exact test, p = 0.004). The ependymomas also display
a 6.5-fold over-representation of the H2§ haplotype (Fisher
exact test, p=0.032). No H2§ haplotypes were detected
among the diffuse astrocytomas or mixed gliomas/oligo-
dendrogliomas.

The five PDGFRA promoter haplotypes can theoretically
give rise to 15 different genotypes. With the exception of the
rare H2o/H25, H2B/H2B, H2B/H25, H2y/H2y, and H2y/H2d
genotypes (expected frequencies of 2.2%, 0.5%, 0.2%, 0.2%,
and 0.1%, respectively, based on the control sample popula-
tion haplotype frequencies), all other genotypes were
detected in our control sample population (data not shown).
Although our statistical analysis is hampered by the low
frequencies of most genotypes (the H1/H2o+H20/H20+H20/
H2p genotypes make up 86.9% of all genotypes), we generally
do not see any differences in genotype frequencies between
tumour groups and controls (data not shown), with the

25—
[] D324 Med

— [ PFSK-1
" o0l I NIH3T3
z
2>
Z 15
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H1 H20 H2B H2y H25

Figure 3 Andlysis of haplotype specific promoter activity. The —1589/
+118 haplotype specific PDGFRA promoter-luciferase constructs were
transiently transfected to the cells indicated. Luciferase levels were
determined 48 h post-transfection and normalised for the
B-galactosidase activity of the cotransfected B-actin promoter-LacZ
plasmid. The luciferase values are relative fo the |uci£rqse activity of the
H1 promoter. Error bars indicate standard deviation of four (PFSK-1) or
two (NIH3T3 and D324 Med) independent experiments.
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exception of the H24-containing genotypes. The H28 haplo-
type is represented by an A at the SNP4 position (fig 1). As
shown in fig 2B, we do observe a significant over-
representation of H26 heterozygotes (AC) in the ependymal
tumour group compared to controls (Fisher exact, p = 0.047),
which is exclusively caused by the H2d heterozygote
over-representation in the ependymomas (Fisher exact,
p =0.007). In addition, the PNETs show a tendency of H2d
homozygote (AA) over-representation (Fisher exact, 0.066).

We have no indications that our haplotype and genotype
data are affected by tumour specific deletions of PDGFRA.
Analysis of the paired blood (where available) for the
homozygous medulloblastoma (9 of 17) and PNET (5 of 9)
samples resulted in the same haplotype/genotype as the
corresponding tumour material (data not shown). Thus, in
most (if not all) cases the tumour PDGFRA promoter
haplotype/genotype also represents the normal genetic
constitution of the patient.

Analysis of haplotype specific PDGFRA promoter
activity

To investigate whether the H23 haplotype confers a different
activity on the PDGFRA promoter (as compared to the other
haplotypes), we transfected all five haplotype specific
PDGFRA promoter-luciferase plasmids into the medulloblas-
toma cell line D324 Med** and the PNET cell line PFSK-1,”
and measured the promoter activity. As shown in fig 3, we
did not see any difference in activity between the plasmids.
The same result was obtained when the plasmids were
transfected into the mouse fibroblast cell line NIH3T3.

Differential protein binding to the SNP4 region

The H26 haplotype has a unique A nucleotide at the SNP4
position, compared to the C nucleotide at this position for all
the other haplotypes (fig 1). We designed double stranded
oligonucleotides for this region to identify possible differ-
ences in protein binding between the SNP4-C and SNP4-
A(H28) promoter haplotype. EMSAs, using nuclear extracts
from PFSK-1 cells, and an SNP4-C oligonucleotide probe,
showed a distinct protein-DNA complex (arrow, fig 4A). This
protein-DNA complex disappears upon competition with an
unlabelled SNP4-C oligonucleotide but not with an SNP4-
A(H298) oligonucleotide. The inability of the SNP4-A(H29)
oligonucleotide to bind this protein is also demonstrated in
fig 4B, where no DNA-protein complex can be detected with
the SNP4-A(H29) oligonucleotide as probe. In addition, the
protein-DNA complex is zinc dependent, since the zinc
chelator phenanthroline completely prevents the formation
of the complex (fig 4A, lanes 4 and 5).

We used the Genomatix MatInspector protocol® to identify
transcription factors which could potentially bind to the
SNP4 containing sequence (fig 4C). Using the SNP4-C
oligonucleotide sequence as input, we identified ZNF148
and NGFI-C as potential transcription factors binding to this
region. Using the SNP4-A(H24) oligonucleotide as input
sequence we only identified a potential binding site for
NGFI-C. Thus, it appears that the putative ZNF148 binding
site is destroyed in the SNP4-A(H296) haplotype promoter
compared to the other promoter haplotypes. In addition, the
ZNF148 binding site is conserved in both the mouse and rat
Pdgfra promoter sequence (data not shown).

Based on the zinc dependence and on the difference in
affinity for the SNP4-C sequence compared to the SNP4-A
sequence, we further investigated the possibility that the
SNP4-C binding factor is ZNF148. The addition of a ZNF148
antibody abolished much of the typical DNA-protein complex
and also resulted in a “supershifted” complex (fig 4B, lane
4). In addition, an unlabelled oligonucleotide containing a
mutation in one of the essential five cytidines in the ZNF148
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Figure 4 Characterisation of PDGFRA promoter haplotype specific protein binding. (A) Nuclear extracts from PFSK-1 cells were incubated with a
radiolabelled SNP4-C oligonucleotide. A 200-fold molar excess of either unlabelled SNP4-C or SNP4-A oligonucleotide was added as indicated (lanes
2 and 3). In lanes 4 and 5 the nuclear extracts were incubated with either the zinc chelator phenantroline or its solvent (ethanol) as described.” The
arrow indicates the specific protein-DNA complex formed. (B) Nuclear extracts from PFSK-1 cells were incubated with a radiolabelled SNP4-C or
SNP4-A oligonucleotide. A 200-fold molar excess of unlabelled oligonucleotides or 1 pl of a ZNF148 antibody® was added where indicated. The
lower arrow indicates the DNA-ZNF148 complex, while the upper arrow indicates the DNA-ZNF148-antibody complex (supershift). (C) Sequence
alignment of the SNP4 oligonucleotide sequence (PDGFRA promoter) and the consensus sequences for NGFI-C (NGFIC.01) and ZNF148 (ZBP89.01)
binding sites derived from the Matlnspector database. Above the SNP4 oligonucleotide sequence is a more stringent ZNF148 consensus binding
sequence.“? The polymorphic SNP4 nucleotide has been shaded. Also indicated are the positions of the oligonucleotide mutations M1 and M2 that have
been used in the experiment shown in fig 4B. Numbers refer to the position relative to the transcription start site (GenBank accession no. X80389).

binding sequence (M1, fig 4C) did not compete with the
labelled SNP4-C oligonucleotide for ZNF148 binding (fig 4B,
lane 5), indicating a lack of affinity of ZNF148 for the M1
sequence. An oligonucleotide containing a mutation in a
non-essential nucleotide (M2, fig 4C) fully competed for
ZNF148 binding (fig 4B, lane 6), indicating a strong affinity
of ZNF148 for the M2 sequence. In addition, ZNF148 did not
display affinity for an oligonucleotide containing a consensus
SP1 sequence.

DISCUSSION

In this study we have examined the association of PDGFRa
gene promoter polymorphisms with the occurrence of brain
tumours. We initially set out to investigate the possibility of
geographically specific differences in PDGFRA haplotype
frequency distribution by analysing a Swedish control sample
population. If we compare our data with those generated
from a Dutch control population,” we do see significant

differences for the two major haplotypes H1 and H2a but not
for any of the other haplotypes. The HI frequency is lower
(0.1978 v 0.3052, p =0.023, %> test H1 v other haplotypes)
and the H2o frequency is higher (0.6758 v 0.5714, p = 0.049,
x? test H2a v other haplotypes) in the Swedish control group
compared to the Dutch. Our Swedish H1 frequency is also
much lower than a recently published H1 frequency of 0.3189
in a Hispanic population along the Texas-Mexico border.*
However, if we compare our control group H1 haplotype
frequencies to those found in a large Northern Irish (H1 =
0.225) and French (H1 = 0.209) control sample population,’
we do not observe any differences. Thus, it remains to be seen
whether there are major differences in PDGFRA promoter
haplotype distributions among different populations.

The most salient result from our PDGFRA promoter
haplotype analysis is the specific over-representation of the
H26 haplotype and genotype in patients with PNETs and
ependymomas, which suggests a functional role for the H28
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haplotype in the development of these tumours. The most
obvious consequence of the H26 promoter haplotype would
be that it affects PDGFRA transcription as compared to the
other haplotypes. Although we were unsuccessful in demon-
strating such a haplotype specific difference in promoter
activity in transient transfection assays with promoter-
reporter plasmids, we did identify a H238 promoter specific
inability to bind the transcription factor ZNF148.

Haplotype specific differences in PDGFRA promoter activity
have been demonstrated previously in human U2-0OS
osteosarcoma cells. Transfected promoter-reporter plasmids
showed that the H2o and H2B promoters display much
higher transcriptional activities than the H1, H2y, and H29
promoters.” We do not have a good explanation as to why no
haplotype specific activity difference could be demonstrated
in our transfection assays. It may be that the PFSK-1 and
D324 Med cells are not capable of showing ZNF148
dependent transcriptional differences, even though both
PFSK-1 and D324 Med cells express both PDGFRa' and
intact ZNF148 (data not shown). However, the haplotype-
specific transcription may require transcription factors not
available in these cell lines. In addition, the assay used is not
capable of showing any differences that require the environ-
ment of an intact tissue (to detect spatio-temporal and tissue
specific transcriptional processes) or the placement of the
promoter within the genome.

ZNF148 (also known as ZFP148, BFCOL1, BERF-1, and
ZBP-89) belongs to the Kriippel-like zinc finger proteins and
can either activate®”” or repress** the activity of a number
of different promoters. ZNF148 is highly expressed in the
neural tube during mouse embryogenesis. The in vivo
function of ZNF148 in the mouse neural tube remains
unknown, since mutated ZNF148 alleles are not transmitted
in the germ-line, due to the requirement of two functional
ZNF148 alleles for the normal development of fetal germ
cells.”” The repressor activity of ZNF148 is often related to its
inhibitory action on the activating transcription factor SP1
through competition with adjacent or overlapping binding
sequences. Interestingly, a putative SP1 binding site also
overlaps with the ZNF148 binding sequence in the PDGFRA
promoter (data not shown), but we have no data suggesting a
role for SP1 in PDGFRA transcription.

The remarkable aspect of the H28 over-representation is its
tumour specificity. What do the PNETs and ependymomas
have in common and what makes them different from the
other tumours? In this context it is interesting to note that if
we combine the haplotype distribution of the astrocytomas
and oligodendrogliomas/mixed gliomas, this group is similar
to the controls but significantly different from the PNETs and
ependymomas (Fisher exact 5x2, p=10.001 and p=0.037,
respectively). The H2§ genotype distribution of the astro-
cytomas-oligodendrogliomas/mixed gliomas is also similar to
the controls but can be clearly distinguished from the PNETSs
and ependymomas (Fisher exact 2x2, p=0.029 and
p = 0.007, respectively; fig 2).

One possibility would be that PNETs and ependymomas
are derived from the same or similar precursor cell popula-
tion. The observation that PNETs and ependymomas (but
also the other brain tumours studied) frequently show
PDGFRo expression may actually reflect the characteristics
of their precursor cells. Although it is far from clear what the
precursor cells are for these tumours, the primitive neuroec-
todermal characteristics of PNETs makes it likely that they
are derived from neural progenitor cells. It has been shown
that both cultured nestin positive neural stem cells and early
neuroepithelial cells in vivo express PDGFRa,” * and PDGF
signalling is involved in neuronal differentiation, prolifera-
tion, and migration of such stem cells.**>° Thus, it may be
that the H26 haplotype promoter influences the level and/or
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timing of PDGFRa protein production in the normal
progenitors and/or tumour precursors.

In summary, our data demonstrate that both PNET and
ependymoma patients display an over-representation of the
H26 PDGFRA promoter haplotype. The H25 promoter has a
characteristic disruption of the ZNF148 binding site.
Together, these results indicate a potential role for the
ZNF148/PDGFRA pathway in the etiology of both PNETs and
ependymomas. A further investigation of this pathway may
lead to a better understanding of the biology of these
tumours.
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