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Abstract

Inhibition of tumour growth and angiogenesis by targeting key growth factor receptors is a promis-
ing therapeutic strategy for central nervous system tumours. Characterization of these growth fac-
tor receptors in canine primary brain tumours has not been done. Using quantitative real-time
TagMan polymerase chain reaction (PCR), we evaluated the expression of messenger RNA (mRNA)
for five tyrosine kinase growth factor receptors (vascular endothelial growth factor receptor
[VEGFR]-1, VEGFR-2, endothelial growth factor receptor [EGFR]-1, platelet-derived growth factor
receptor o [PDGFRa], and c-Met) relative to normal cerebral cortex in 66 spontaneous canine pri-
mary brain tumours. Increased expression of VEGFR-1 and VEGFR-2 mRNA was greatest in grade IV
astrocytomas (glioblastoma multiforme) and grade Il (anaplastic) oligodendrogliomas. EGFR-1
MRNA expression was more consistently increased than the other receptors in all tumour types,
while increased PDGFRa mRNA expression was mostly restricted to oligodendrogliomas. The simi-
larities in increased expression of these tyrosine kinase growth factor receptors in these canine
tumours, as compared to data from their human counterparts, suggest that common molecular
mechanisms may be present.

Introduction . .
via external factors such as peptide growth factors.

Molecular characterization of human primary brain
tumours has contributed significantly to a better un-
derstanding of tumour biology, development of
novel targeted therapies, and the ability to predict
clinical progression and response to therapy. All cells
contain an integrated network of regulatory path-
ways that allow diverse cellular events to be controlled

Activation of these pathways, following the binding
of specific growth factors to appropriate receptors, is
mediated by phosphorylation—dephosphorylation of
protein tyrosine kinases present within the intracel-
lular portion of the receptor. Increased expression of
peptide growth factors and their associated tyrosine
kinase receptors has been implicated in human brain
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tumour proliferation, transformation and angiogen-
esis. Vascular endothelial growth factor (VEGF) and
its major receptors VEGF receptor-1 (VEGFR-1/
FLT-1) and VEGF receptor-2 (VEGFR-2/KDR) play
a major role in the regulation of tumour angiogen-
esis, vasculogenesis and vascular permeability
in human meningiomas and glial tumours'™.
Increased expression of other growth factors and/
or their associated receptors including epidermal
growth factor®", platelet-derived growth factor
(PDGF)'""*16 and hepatocyte growth factor/scatter
factor and its receptor c-Met!’~'° has also been im-
plicated in angiogenesis and tumour progression
in human meningiomas and glial tumours.

In domestic animal species, tumours of the
central nervous system occur most frequently in
20-22

dogs™***. Meningiomas and glial cell tumours
(astrocytoma, oligodendroglioma and mixed gli-
oma) are the most commonly reported tumour
types?02:24

prevalent in brachycephalic breeds such as the

, with glial tumours being especially

Boxer and Boston terrier’>?2. The incidence of
primary brain tumours in dogs, approximately 14.5
per 100 000% or 1-3% of all primary neoplasia
recorded at necropsy?, is similar to that in humans,
and their biological behaviour, clinical imaging and
histological characteristics have many similarities
to their human tumour counterparts®"?#*=!, How-
ever, minimal data are available on the expression
of growth factors and their receptors in canine brain
tumours, other than the immunohistochemical
demonstration of epidermal growth factor receptor
(EGFR)***? and VEGF expression in astrocytic
tumours. In this study, we measured the expression
of the major growth factor receptors VEGFR-1
(FLT-1), VEGFR-2 (KDR), EGFR-1, PDGF recep-
tor o (PDGFRa) and c-Met in spontaneous canine
meningiomas, astrocytomas and oligodendroglio-
mas relative to normal canine cerebral cortex, using
quantitative real-time TagMan polymerase chain
reaction (PCR) and correlated the expression with
histological tumour type and grade.

Materials and methods

Tissue samples

All tumour tissues were obtained from clinical
cases presented to the Veterinary Medical Teaching
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Hospital, University of California, Davis. Tissues
were obtained from surgical biopsy/resections, at
necropsy, or from archival paraffin-embedded ma-
terial. All surgical and necropsy samples were snap
frozen and stored in liquid nitrogen. Surgical sam-
ples were frozen immediately following excision.
Necropsy samples were frozen within 30 min
of euthanasia. Whenever frozen tissue was stored,
adjacent tumour tissue samples were processed for
routine paraffin embedding and histology to
provide a microscopic diagnosis. Samples from
normal cerebral cortex were collected as con-
trols from both necropsy and archival paraffin-
embedded material.

Tumour grading

All tumours were classified and graded by board-
certified pathologists (R. J. H., A. W. B.) essentially
according to the latest amended criteria of the
World Health Organization classification of pri-
mary tumours of the human nervous system®.
Specifically, meningiomas were graded as grade I,
grade II (atypical) or grade III (malignant)*>*.
Oligodendrogliomas were graded as either grade II
or grade III (anaplastic)®. Astrocytomas were
graded as grades II, III or IV (glioblastoma multi-

forme, GBM).

Canine receptor sequences

Canine complementary DNA (cDNA) sequence
data for VEGFR-1 (FLT-1) and VEGFR-2 (KDR)
were kindly provided by Dr Rolf Jaussi (Institute
of Medical Radiobiology of the University of Zur-
ich and the Paul Scherrer Institute, Switzerland).
Canine cDNA sequence for c-Met was kindly pro-
vided by Dr Cheryl London (The Ohio State Uni-
versity College of Veterinary Medicine). The
cDNA encoding canine EGFR-1 sequence span-
ning exons 15-20 (GenBank accession AY527212)
was obtained by PCR from normal canine
brain and liver cDNA using primers derived from
rat EGFR-1 sequence (GenBank accession
NMO031507). The cDNA encoding canine PDG-
FRa sequence spanning exons 11-18 (GenBank
accession AY525124) was obtained by PCR from

normal canine brain and liver cDNA using primers
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derived from human and murine PDGFRa
sequence (GenBank accessions D50007 and NM
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(GAPDH), ribosomal protein L13A, glycosyltrans-
ferase (HPRT1), and glucuronidase beta (GUSB),
were designed and validated as previously de-
scribed™. Target gene systems for VEGFR-1,
VEGFR-2, EGFR-1, PDGFRa and c-Met were
designed based on canine sequences described above
using Primer Express software (Applied Biosys-
tems) to standardize reaction conditions and
cycling requirements (Table 1). The internal probe
was labelled at the 5" end with the reporter dye
FAM (6-carboxyfluorescein) and at the 3" end with
the quencher dye TAMRA (6-carboxytetramethyl-
rhodamine). To allow discrimination between

GAGATGACCTCTCAACTTTAACTGAAAA
GCTGGATCAGAAACGCAAAGA

Forward primer sequence (5'-3’)
GCTGTGCGCGCTGCTT

GATGGGCGTGAACCATGAG
AAGTTGAATTACCTGGCCTTCCT
TGATACTGGAGCCTACAAGTGCTT
TGCTGCAAGAAAGAGAGCTTGT
CCCACGCTGCGTTCTGA
TGCTGGTGTTATCTCAATATCAACAA

Table 1. TagMan PCR primer and probe sequences

c¢DNA and genomic DNA, either one of the PCR E

primers or the TagMan probe was placed over an % % o
exon—exon junction. The PCR reactions contained g_ “qcaf 2 E z

400 nM of each primer, 80 nM of the TagMan Fi :i-g = f .
probe and commercially available PCR mastermix s é 283 g g o g o
(TagMan Universal PCR Mastermix; Applied SISES3ELTRT
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Biosystems) and 5 L of the diluted cDNA sample
in a final volume of 12 L. The samples were placed
in 96 well plates and amplified in a combined ther-
mocycler/fluorometer (ABI PRISM 7700 SDS;
Applied Biosystems). Amplification conditions
were 2 min at 50 °C and 10 min at 95 °C, followed
by 40 cycles of 15 s at 95 °C and 60 s at 60 °C. Final
quantitation was done using the comparative C;
method and was reported as relative transcription
or the n-fold difference relative to a calibrator
(mean value for individual normal cerebral cortex
samples). C; values for GAPDH for each tumour
group were averaged and compared groupwise. In-
dividual samples that showed significantly lower
C; values for GAPDH (cut-off 3 C values weaker
than average) were considered low quality cDNA
samples and eliminated from the analysis.

Statistical analysis

Data were divided into nominal categories of
tumour type, and within these types, they were
divided into ordinal categories of grade. Kruskal—
Wallis one way analysis of variance was used to
compare the variation in expression of canine
receptor tyrosine kinase mRNA among tumour
types. When significant differences were evident,
Mann—-Whitney tests were used for pairwise com-
parisons. Within tumour type, evidence of a trend
in expression across ordinal grades was evaluated
using the Jonckheere—Terpstra test. Side-by-side
box plots were used to nonparametrically summa-
rize the distribution of the dependent variables.
Statistical significance was defined as P < 0.05.

Results

A total of 15 samples of normal cerebral cortex
(4 frozen and 11 paraffin-embedded) and 66
tumour samples (13 frozen and 53 paraffin-
embedded) were analyzed. Of these samples, there
were 23 meningiomas (9 grade I, 13 atypical and 1
malignant), 23 astrocytomas (7 grade II, 8 grade III
and 8 GBM) and 20 oligodendrogliomas (2 grade
II and 18 grade III). For all genes analyzed, the
averages of normalized values and the standard
deviations for both frozen and paraffin-embedded
samples were not significantly different.
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VEGEFR-1 (FLT-1) expression

Product was amplified from 10 meningiomas,
18 astrocytomas and 20 oligodendrogliomas
(Fig. 1A). Increased expression was seen predomi-
nantly in glial tumours, with the highest expression
in GBMs and oligodendrogliomas. Expression in
high-grade (III) oligodendrogliomas was signifi-
cantly increased relative to low-grade astrocytomas
(II) (P < 0.0002) and meningiomas (P < 0.0001).
Expression in GBMs was significantly greater than
meningiomas (P < 0.00072), and there was a
significant trend of increasing expression with
increasing grade of astrocytic tumour (grade II,
grade III and GBM) (P < 0.010).

VEGEFR-2 (KDR) expression

Product was amplified from 19 meningiomas,
20 astrocytomas and 20 oligodendrogliomas
(Fig. 1B). As with VEGFR-1, increased expression
was seen predominantly in glial tumours. Expres-
sion in GBMs and oligodendrogliomas was signifi-
cantly greater than in meningiomas of all grades
(P<0.045 and P < 0.032, respectively). Expression in
high-grade meningiomas (atypical/malignant) was
significantly greater than in grade I meningiomas
(P < 0.00024).

EGFR-1 expression

Product was amplified from 17 meningiomas,
19 astrocytomas and 20 oligodendrogliomas
(Fig. 1C). Increased expression of EGFR-1 was
found in all tumour types; however, the majority of
grade I meningiomas had low expression relative
to other tumour types and high-grade meningio-
mas. Greatest expression was seen most consis-
tently in the high-grade gliomas (GBMs and
oligodendrogliomas). Expression in oligodendro-
gliomas was significantly greater than in grade I
meningiomas (P < 0.0001).

PDGFRa expression

Product was amplified from 10 meningiomas,
11 astrocytomas and 20 oligodendrogliomas
(Fig. 1D). Increased expression was most often found
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Figure 1. Box plots of growth factor receptor transcription levels. The top and bottom edge of the box represent the upper
and lower quartile, respectively. The line within the box represents the median. The tails extend to the farthest point that is
within 1.5 interquartile ranges of the quartiles. x-Axis divisions are proportional to sample size. (A) VEGFR-1 (FLT-1)
expression, (B) VEGFR-2 (KDR) expression, (C) EGFR-1 expression, (D) PDGFRa expression and (E) c-Met expression.
MEN I, meningioma grade I; MEN II/III, meningioma grades II/III; AST II, astrocytoma grade II; AST III, astrocytoma
grade III; GBM, glioblastoma multiforme OLIGO, oligodendroglioma grade III.

in oligodendrogliomas. Expression in oligoden-
drogliomas was significantly greater than in GBMs,
grade II astrocytomas and grade I meningiomas
(P < 0.0004, P = 0.0003 and P < 0.0001,
respectively).

c-Met expression

Product was amplified from 12 meningiomas, 13
astrocytomas and 19 oligodendrogliomas (Fig. 1E).

Trends of increasing expression with increasing

tumour grade occurred in both meningiomas and
astrocytic tumours, although not a statistically
significant difference. The greatest increases in ex-
pression occurred in oligodendrogliomas.

Discussion

Increased expression of both mRNA and
protein has been demonstrated previously for
VEGFR*>?®, PDGFR'*'%’, EGFR**"* and c-Met"’

in human astrocytomas, oligodendrogliomas and
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meningiomas. Based on these data, experimental
therapies targeting defined growth factors and their
tyrosine kinase receptors have progressed into hu-
man clinical trials*®. Effective translation of these
therapeutic strategies into canine brain tumours
will require identification of similar molecular ab-
normalities. Little information is available relating
to expression of growth factor receptors in sponta-
neous canine cancer of any type. Increased expres-
sion of VEGFR-1 has been described in canine
mammary tumours, melanomas, fibrosarcoma,

39741 while

mastocytoma and pancreatic carcinoma
reports of increased EGFR and c-Met expression
have been limited to canine mammary tumours
and osteosarcomas, respectively*>. The data pre-
sented suggest that altered tyrosine kinase growth
factor pathways including VEGFR-1, VEGFR-2,
EGFR, PDGFRa and c-Met may be present in
canine meningiomas and glial tumours, similar to
those in their human tumour counterparts.

VEGEFR expression

Increased expression of VEGFR-2 was found in
human meningiomas, astrocytomas and oligoden-
drogliomas, with greatest expression in high-grade
glial tumours®>. A similar pattern of expression
has been reported for VEGFR-1; however, the data
are less consistent>*®, The pattern of expression of
VEGFR-2 mRNA in canine tumours was very simi-
lar to those in their human counterparts, with the
greatest expression seen in grade III oligodendro-
gliomas and GBMs and lower expression in menin-
giomas. VEGFR-1 expression was also greatest in
high-grade gliomas similar to equivalent human
tumours. Expression of VEGF receptors is rarely
seen in normal brain vasculature and is predomi-
nantly located in endothelial cells within tumour
vasculature>®. However, expression has also been
reported in non-vascular elements of tumour tissue

3,46

from both human brain tumours™*® and canine

tumours®>*.

Expression of VEGF receptors is
induced during tumour progression and probably
plays a major role in tumour angiogenesis®. Histo-
logical assessment of microvascular density was
not done in this study; however, the greatest ex-
pression of VEGF receptors was seen in high-grade

gliomas, where microvascular proliferation is a

137

specific criterion for tumour grading. The signifi-
cance of decreased VEGFR-1 mRNA expression in
some canine tumour samples (particularly menin-
giomas) is unknown; however, it has been sug-
gested that the function of VEGFR-1 may be
inhibitory via regulation of VEGF bioavailability
following ligand binding to alternatively spliced
soluble receptors*’. Downregulation of VEGFR-1
may provide a biological advantage for tumour
growth in this situation.

EGFR expression

In human glial tumours, increased EGFR-1
expression was seen predominantly in high-grade
astrocytomas, usually as a result of gene amplific-

ation and/or gene rearrangement®”’

, and in oligo-
dendrogliomas”!?. Increased expression was seen
in meningiomas”", although at a lower level®,
with no consistent association between increased
EGFR-1 expression and meningioma grade or
histological subtype!'"'2

In this study, increased EGFR-1 expression was
also present in all canine tumour types and grades
and was a more consistent finding than for the
other receptors (VEGFR, PDGFRa and c-Met)
where increased expression was most typically seen
in high-grade gliomas. Increased EGFR-1 expres-
sion has been reported in a small number of low-
grade human astrocytomas®’, and this was also
found in canine low-grade astrocytomas. Similar
findings were reported for EGFR-1 by Stoica

et al®!

, where three of six canine astrocytomas with
positive immunostaining for EGFR-1 were low-

grade (II/IIT) astrocytomas.

PDGFR expression

Increased expression of PDGFRa, PDGFRf and
PDGF A and B has been demonstrated in both

high- and low-grade human astrocytomas'>*’ a

s
well as in oligodendrogliomas'®. In human menin-
giomas, only PDGFRR expression is increased'"!4,

In agreement with these findings, increased
PDGFRa expression was not seen in any of the
canine meningioma samples. The pattern of ex-
pression of PDGFRa in canine tumours was dif-

ferent from that seen with the other growth factor
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receptors, in that increased expression was seen
predominantly in oligodendrogliomas. The mini-
mally increased expression of PDGFRa in these
canine astrocytomas may indicate that either
PDGFRa does not have a major role in canine
astrocytomas compared to their human counter-
parts or signalling may be occurring predominantly
via the B receptor.

c-Met expression

Increased expression of c-Met has been reported
in human astrocytomas, particularly in high-grade

tumours'’ 7",

Limited data exists regarding
meningiomas and oligodendrogliomas; however,
c-Met has been demonstrated immunohistochemi-
cally in meningiomas in one study'. Increased
expression of c-Met was not found in one study
looking at ungraded oligodendrogliomas®.

Expression of c-Met was relatively low in most
of the canine tumour samples in this study com-
pared to the increased expression seen with other
growth factor tyrosine kinase receptors. Consistent
increased expression was only seen in the grade III
canine oligodendroglial tumours. The majority of
human oligodendrogliomas are grade II tumours
in contrast to the majority of grade III oligoden-
drogliomas in this study. This difference may
explain the increased c-Met expression seen in
oligodendrogliomas in this study compared to
human oligodendrogliomas®.

The relatively small sample size and selective
sampling from individual tumours limit the con-
clusions that may be drawn from the data presented,
particularly with respect to individual tumour
samples. However, the results of this study provide
evidence that increased expression of several major
tyrosine kinase growth factor receptors is a com-
mon finding in canine primary brain tumours,
particularly in high-grade gliomas.

Canine primary tumours have striking similari-
ties to their human counterparts in terms of
biological behaviour, imaging and histological
characteristics. Increased expression of receptor
tyrosine kinases in canine brain tumours suggests
that similarities may also be present at the mole-
cular level. This finding validates the use of growth-
factor-targeted therapies as a rational treatment

strategy in dogs and supports the use of spontane-
ous canine primary brain tumours as a model sys-
tem for human disease.
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