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ABBREVIATIONS

APC adenomatous polypsis coli, a tumor suppressor gene at 5q21
(a susceptibility gene for Turcot’s syndrome type 2)

CDK4 cyclin-dependant kinase 4, a proto-oncogene at 12q14
(a susceptibility gene for familial melanoma)
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hMLH1 human homolog of MutL in E.coli, a DNA mismatch repair gene
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HNPCC hereditary non-polyposis colorectal carcinoma syndrome
HPM Haplotype Pattern Mining, a method to measure association
hMSH2 human homolog of MutS in E.coli, a DNA mismatch repair gene
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S.cervisiae, a DNA mismatch repair gene at 7p22 (a susceptibility
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INK4 chromosome region at 9p21 harboring the p16, p15 and p14
genes

LFS Li-Fraumeni (multi-cancer) syndrome
LOD logarithm of odds
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MET a proto-oncogene at 7q31 (a susceptibility gene for familial renal

papillary cancer)
MIB-1 antibody against Ki-67 antigen, expressed in proliferating cells
NF1 neurofibromatosis 1
NF2 neurofibromatosis 2
NPL nonparametric linkage
p14 a tumor suppressor gene at 9p21 (ARF)
p15 a tumor suppressor gene  at 9p21 (INK4B/CDKN2B)
p16 a tumor suppressor gene  at 9p21 (CDKN2A/MTS1/INK4A)

(a susceptibility gene for familial melanoma)
p53 a tumor suppressor gene at 17p13.1 (a susceptibility gene for Li-

Fraumeni syndrome)
PCR polymerase chain reaction
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pRb protein encoded by the retinoblastoma gene
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PTCH homolog of the Drosophila patched gene,  a tumor suppressor
gene at 9q22 (a susceptibility gene for Gorlin syndrome)

PTEN phosphatse and tensin homolog, a tumor suppressor gene at
10q23 (MMAC1) (a susceptibility gene for Cowden disease)

RET REarranged during Transfection, a proto-oncogene at 10q11.2
(a susceptibility gene for multiple endocrine neoplasia type 2)

RB retinoblastoma gene at 13q14 (a susceptibility gene for
retinoblastoma syndrome)

SEGA subependymal giant cell astrocytoma
SIR standardized incidence ratio
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TSC2 a tumor suppressor gene at 16p13 (a susceptibility gene for
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ABSTRACT

Hereditary predisposition to gliomas has been established for certain
multisystem disorders, such as neurofibromatosis 1 and 2, tuberous sclerosis,
and Li-Fraumeni and Turcot’s syndromes. Some familial aggregations of
gliomas, however, cannot be explained by these syndromes. The aim of this
study was to find out whether a novel tumor syndrome with gliomas as the
major manifestation could be identified.
A material of 25 families with two or more glioma patients was collected
through questionnaires sent to 369 consecutive glioma patients undergoing
surgery at Tampere University Hospital during 1983-1994. The cancer risk of
2664 family members was estimated through the population-based files of the
Finnish Cancer Registry. Among 12 families with adult onset gliomas, the risk
of skin melanoma was 4.0-fold (95% confidence interval: 1.5-8.8) compared to
the general population, and the risk of meningioma was 5.5-fold (95%
confidence interval: 1.1-16). In accordance with earlier studies, this suggests
the presence of a novel brain tumor-melanoma syndrome. A rare novelty is
presented, however, since the majority of the familial glioma pedigrees did not
show evidence of this syndrome.
Molecular genetic and immunohistochemical analyses were also performed to
investigate genetic changes in familial gliomas and to search for prediposing
gene defects in families with multiple glioma patients. Immunohistochemistry
was used to examine the protein expression of the p53, p16, RB and NF1 tumor
suppressor genes, which are often regarded as candidate genes for familial
glioma. The protein expression of these genes was similar in familial gliomas
and in non-familial controls. In a sequencing analysis, no germline mutations
of the p53 gene were found among familial glioma pedigrees. This suggests
that these known tumor suppressor genes are not likely to play a major role in
familial predisposition to gliomas.
In order to identify novel chromosomal loci involved in the tumorigenesis of
familial gliomas, genome-wide scanning analyses were performed. Genetic
alterations in tumor tissue were examined using comparative genomic
hybridization analysis. The chromosome locus at 6q14-q16 was found to be the
area most commonly lost in the familial gliomas, while in non-familial tumors
this loss was observed significantly less frequently. No known or putative
tumor suppressor or DNA repair genes at 6q14-q16 have been associated with
gliomas, which suggests involvement of a novel gene, which is characteristic of
the pathogenesis of familial gliomas.
In order to examine hereditary gene defects predisposing to familial glioma, a
genome scan by nonparametric linkage analysis was performed. The strongest
linkage was observed near the telomere of the long arm of chromosome 15.
Association analysis by Haplotype Pattern Mining and
transmission/disequilibrium test gave further evidence for significant



10    abstract

association and transmission distortion in the same genetic area at 15q. These
results are compatible with the clinical and epidemiological findings suggesting
the presence of a low-penetrance susceptibility gene for familial glioma. Thus,
the first molecular genetic evidence for familial glioma as a distinct genetic
entity presents a novel susceptibility locus at 15q23-q26.3.
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INTRODUCTION

The genetic origin of a disease is often difficult to detect. If a disease is
monogenic, and the penetrance of the gene is complete, the etiology of the
disease is quite easily traceable and the causative factors are also easily
identifiable. However, in common diseases, such as cancer, complex
interactions between genetic constitution and environmental risk factors are
likely to exist. Familial aggregation of cancer suggests that genetic factors may
be involved, but also pure chance or similar exposure to risk factors may cause
unusual familial occurrence of tumors.
Gliomas are the most common brain tumors, comprising nearly half of all
primary brain tumors. The etiology of gliomas is poorly understood. With the
exception of therapeutic X-irradiation, no consistent association between
specific environmental exposure and brain tumors has been identified
(Simonato et al., 1991; Brustle et al., 1992; Rothman et al., 1996; Karlsson et
al., 1998; Hardell et al., 2000). Thus, endogeneous mutations and genetic
factors may play an unrecognized role in the etiology.
Hereditary predisposition to gliomas has been established for several tumor
syndromes, such as neurofibromatosis 1 (NF1), neurofibromatosis 2 (NF2),
tuberous sclerosis, Li-Fraumeni syndrome and Turcot’s disease. However,
familial aggregation of gliomas often occurs in the absence of these known
tumor syndromes (Dirven et al., 1995; Malmer et al., 2001a; Osborne et al.,
2001). Therefore, other genetic mechanisms, distinct from established tumor
syndromes may be involved in the unusual familial occurrence of gliomas.
Although familial tumor syndromes are rare, their importance often outweighs
their prevalence, as their influence is not only related to their frequency but
they can also provide insights into the larger population of sporadic (non-
familial) malignancies. The “two hit” mutation hypothesis, introduced by
Knudson (1971), was the basis for understanding the functional role of tumor
suppressor genes. According to Knudson’s theory, children with multiple or
familial retinoblastomas were born with a germline mutation that caused every
cell in their body to have only one functional copy of the gene. A second
mutation subsequently occurred in the remaining functioning allele in a small
subset of somatic cells, which then went on to form tumors. This theory
explained why inherited predisposition to cancer not only causes an increased
possibility of developing cancer, but also leads to an earlier onset age and the
formation of multiple primary cancers. Thus, genes that predispose to familial
tumors are also probable initiators in the genesis of sporadic malignancies.
The investigation of hereditary cancer is often complicated, since many of the
affected individuals are deceased and tissue samples of constitutional DNA are
difficult to get. However, the malignant behavior of cancer, such as
glioblastomas, makes it all the more important to search for better
understanding of genetic mechanisms leading to tumor development. Recently,
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new therapies targeted to incorrectly functioning proteins in cancer cells have
been adopted for clinical use, and much is expected in future applications
(McLaughlin, 1998; Druker et al., 2001; Slamon et al., 2001). Knowledge of
the crucial steps of the carcinogenesis of gliomas may reveal valuable targets
for these therapies.
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REVIEW OF THE LITERATURE

1. Glial tumors

1.1 Normal glial cells

Neuroglial cells comprise astrocytes, oligodendrocytes and ependymal cells.
These cells provide shelter and maintenance for neurons. All central nervous
system (CNS) cells derive from the neuroectoderm or the neural plate during
the embryogenesis. Two progenitor cell lineages, T1A and O2A, have been
shown to differentiate to astrocytes and oligodendrocytes. T1A cells are
thought to assume a structural role in the CNS, whereas O2A progenitor cells
also give rise to cells specialized for a functional role in axonal conduction
(Ffrench-Constant and Raff, 1986).
Astrocytes are considered to provide physical and biochemical support,
insulation of the receptive surface of neurons, and interactions with capillary
endothelial cells in the establishment and maintenance of the blood-brain
barrier. In the damaged brain they form glial “scars” called gliosis.
Oligodendrocytes produce and maintain the CNS myelin. They are the
counterparts of the Schwann cells of the peripheral nervous system.
Ependymal cells form a single layer of cells lining the cerebral ventricles, and
form the central canal of the spinal cord. A regulated exchange of fluids occurs
at the blood-brain barrier and at the ventricular ependyma. In several locations
the ependymal lining of the cavities in the brain is modified to produce
cerebrospinal fluid. The modified ependymal cells and associated capillary
loops are called the choroid plexus.

1.2 Neoplastic glial cells

Central nervous system tumors are among ten most common cancer types in
Finland. About half of primary CNS tumors derive from glial cells. The age-
adjusted incidence of gliomas is 4.7 per 100 000 person years in Finland
(Finnish Cancer Registry, 1994). Annually, approximately 260 new cases of
glioma are diagnosed in Finland.
Different types of glial cell tumors vary in their location within the CNS, in age
and gender distribution, growth potential, extent of invasiveness,
morphological features, tendency for progression, and clinical course. The
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grading of gliomas follows the classification by WHO (Kleihues and Cavenee,
2000).

1.2.1 Astrocytic tumors
Astrocytic gliomas are the most common glial tumors comprising
circumscribed pilocytic and subependymal giant cell astrocytomas (grade I)
and diffuse astrocytomas (grades II, III, and IV).
Pilocytic astrocytomas are circumscribed tumors, which rarely invade the
surrounding tissue. These tumors often grow slowly, and malignant
transformation is rare. Histological characterization includes compact bipolar
cells with Rosenthal fibers and loose-textured multipolar cells with microcysts
and granular bodies. Pilocytic astrocytomas usually occur in children and
young adults, and the course of the disease is usually benign.
Subependymal giant cell astrocytomas are usually calcified intraventicular
tumors arising from the walls of the lateral ventricles. Histological composition
includes mainly large plump cells resembling astrocytes. Subependymal giant
cell astrocytomas grow very slowly and are curable by surgical resection.
These tumors are often associated with tuberous sclerosis.
Diffuse astrocytomas comprise low-grade astrocytomas (grade II), anaplastic
astrocytomas (grade III), and glioblastomas (grade IV). Glioblastomas are the
most common form of diffuse astrocytomas. They may develop from diffuse
grade II or grade III astrocytomas (secondary glioblastoma), but more
frequently they manifest after a short clinical history without evidence of a less
malignant precursor lesion (primary glioblastoma). Histopathological features
of grade II astrocytomas include a high degree of cellular differentiation,
occasional nuclear atypia and often microcystic matrix, which is loosely
structured. Grade III tumors feature marked anaplasia and mitotic activity.
Glioblastomas include cellular polymorphism, nuclear atypia, brisk mitotic
activity, vascular thrombosis, microvascular proliferation and necrosis. Grade
II astrocytomas usually affect young adults, while glioblastomas typically
occur after the forties. Males are more frequently affected than females (male
to female ratios between 1.18:1 and 1.5:1) (Kleihues et al., 2000). The
prognosis of a glioblastoma is poor; the reported survival rate for five years is
3% (Central Brain Tumor Register of the United States, 1997). The mean
survival time of grade II and III astrocytomas is longer, but they have an
inherent tendency to progress towards glioblastomas.

1.2.2 Oligodendroglial tumors
Oligodendrogliomas are diffusely growing tumors that are composed of
neoplastic oligodendrocytes corresponding histologically to WHO stage II or
III.  A typical honey-comb appearance featuring clear cytoplasm around central
spherical nuclei is seen in routinely formalin-fixed and paraffin-embedded
sections but not in frozen ones. Microcalcifications and branching capillaries
resembling chicken-wire are typical hallmarks. Oligodendrogliomas generally
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recur locally. Malignant progression towards glioblastoma is not uncommon
but less frequent than in diffuse astrocytomas.

1.2.3 Ependymal tumors
Ependymomas derive from the ependymal lining of the cerebral ventricles and
through the remnants of the central canal of the spinal chord. The histological
grading of ependymomas ranges from I to III. Histologically characteristic
features are perivascular pseudorosettes. Ependymomas are usually slowly
growing benign neoplasms that rarely undergo anaplasia. The prognosis of
ependymoma varies and partly depends on tumor location and on the presence
or absence of anaplasia.

1.3 Molecular genetics

1.3.1 Development of cancer
The malignant transformation of normally functioning cells is considered to
derive from multiple genetic changes, which successively transform a normal
cell into a neoplastic cell (Vogelstein et al., 1988). Three kinds of genes have
been identified in the malignant transformation of normal cells: oncogenes,
tumor suppressor genes and DNA repair genes.
Proto-oncogenes usually impose a positive regulatory effect on cell growth. By
mutation, proto-oncogenes are activated to oncogenes, which release
unregulated activation of cell growth. Oncogenes act in a dominant manner, so
that a mutation in one allele is sufficient for altering the gene function. So far,
only in a few tumor syndromes have oncogenes been found to cause cancer
predisposition. These syndromes are multiple endocrine neoplasia type 2,
familial melanoma, and familial renal papillary cancer, caused by RET (10q11),
CDK4 (12q14), and MET (7p31), respectively (Mulligan et al., 1993; Zuo et al.,
1996; Schmidt et al., 1997).
Tumor suppressor genes regulate the cell cycle negatively, but after mutation
they lose this ability. Unlike proto-oncogenes, their action is recessive, since
both copies of the gene have to be mutated before the normal function is lost.
The Knudson “two-hit model”, first discovered in familial retinoblastoma,
indicates that susceptibility to cancer is inherited in one allele, and cancer
transformation is induced by a somatic mutation of the other allele (Knudson,
1971). Most of the known hereditary tumor syndromes derive from germline
mutations in a tumor suppressor gene.
Mismatch-repair genes are involved in the correction of base mispairing during
DNA replication. Accumulation of errors during DNA replication leads to the
damage of other genes involved in the cell cycle regulation. Mismatch-repair
genes also act in a recessive manner, since both copies of the gene have to be
mutated before the function is lost. This repair pathway was originally
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implicated in human cancer through hereditary nonpolyposis colon cancer
(HNPCC) (Fishel et al., 1993; Peltomäki et al., 1993).

1.3.2 Genetic changes in astrocytomas
The most frequently examined gene in gliomas is the p53 tumor suppressor
gene located at 17p13.1 (see Figure 1). Allelic loss of chromosome arm 17p or
p53 mutations have been detected in approximately one third of diffuse
astrocytic tumors (Frankel et al., 1992; Fults et al., 1992; Sidransky et al.,
1992; von Deimling et al., 1992). The p53 gene plays a role in several cellular
processes including the cell cycle, response of cells to DNA damage, cell
death, cell differentiation and neovascularization (Bogler et al., 1995). A
significant consequence of the loss of normal p53 activity is increased genomic
instability (Hartwell, 1992), which accelerates neoplastic progression (Lane,
1992). Inactivation of p53 also leads to an impaired regulation of many other
genes that control cell replication either by arresting the cell cycle (p21,
GADD45) or by inducing apoptosis (p21, Bax, IGF-BP3) (Amundson et al.,
1998; Kirsch and Kastan, 1998). Alterations of the p53 gene are detected even
at the earliest stages of the carcinogenesis in diffuse astrocytomas (von
Deimling et al., 1992). Thus, the p53 gene appears to play a role in the primary
stages of tumorigenesis as well as in the malignant progression towards
glioblastoma. In contrast to diffuse astrocytomas, p53 mutations are only rarely
found in pilocytic astrocytomas (Ohgaki et al., 1999). Germline mutations of
the p53 gene are known to predispose to Li-Fraumeni multi-cancer syndrome
(Malkin et al., 1990; Srivastava et al., 1990).
The platelet-derived growth factor (PDGF) is the most clearly implicated
growth factor expressed in diffuse astrocytomas (Westermark et al., 1995).
PDGF ligands and receptors are expressed approximately equally in all grades
of diffuse astrocytoma. However, the actual transcriptional mechanisms of
PDGF overexpression have not been elucidated, and only rare astrocytomas
have been shown to have amplification of the PDGF-alfa receptor gene
(Westermark et al., 1995).
The p16/CDKN2A/MTS1 tumor suppressor gene (9p21) exerts growth control
by inhibiting the cyclin-dependant kinases CDK4 and CDK6, which reduces
their ability to phosphorylate the pRb protein. In gliomas, p16 inactivation
mainly occurs by homozygous deletion (Walker et al., 1995; Ueki et al., 1996),
but point mutations or methylation of CpG islands in the 5’ region of the gene
are alternative mechanisms (Ueki et al., 1994; Costello et al., 1996). The
frequency of p16 deletion increases with malignancy in gliomas, being 56% in
high-grade astrocytomas (Walker et al., 1995).  Germline mutations of the p16
gene predispose to familial melanomas (Hussussian et al., 1994).
The retinoblastoma (RB) gene (13q14) regulates the G1/S phase transition of
the cell cycle by binding its protein product to the E2F transcription factor.
Inhibition of E2F down regulates the cell cycle. The loss of pRb function
thereby removes an important brake on the cell cycle. Alterations of the pRb
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expression are rare in low-grade astrocytomas but have been detected in
approximately one third of high-grade gliomas (Henson et al., 1994; Burns et
al., 1998; Perry et al., 1999; Puduvalli et al., 2000). Germline mutations of the
RB gene predispose to familial retinoblastoma (Cavenee et al., 1985).
Inactivation of the tumor suppressor phosphatase and tensin homology
(PTEN/MMAC1) gene (10q23) is considered to be an important step in the
progression of gliomas to end-stage glioblastoma. Thus, mutations are found in
approximately 30% of glioblastomas, but only rarely in low-grade
astrocytomas (Rasheed et al., 1997; Wang et al., 1997; Bostrom et al., 1998;
Duerr et al., 1998). The protein product of the PTEN gene has been
demonstrated to possess protein phosphatase and 3’ phosphoinositol
phosphatase activities, which are important in regulating cell migration,
invasion and cell proliferation (Myers et al., 1997; Maehama and Dixon, 1998;
Tamura et al., 1998). Germline mutations of the PTEN gene predispose to
Cowden disease, Bannayan-Zonana syndrome and juvenile polyposis syndrome
(Liaw et al., 1997; Marsh et al., 1997; Eng and Peacocke, 1998).
The deleted in colorectal cancer (DCC) gene (18q21) encodes a protein for a
cell surface receptor. DCC induces apoptosis and G2/M cell cycle arrest in
tumor cells (Chen et al., 1999). In an immunohistochemical study, loss of DCC
expression increased during progression from low-grade astocytoma (7%) to
glioblastoma (47%) (Reyes-Mugica et al., 1997). Germline deletion of DCC
has not been shown to lead to increased tumor incidence in mice (Fazeli et al.,
1997).
The epidermal growth factor receptor (EGFR) gene (7p12) is the most
frequently amplified gene in high-grade astrocytomas (Libermann et al., 1985;
Liang et al., 1994). Amplifications are found in about one third of
glioblastomas (Wong et al., 1987). While the gene encoding EGFR maps to
chromosome 7, the amplified genes are typically present as double-minute
extra-chromosomal elements. Mutant EGFR transduces its growth-promoting
signals through the Ras-Shc-Grb2 pathway (Prigent et al., 1996), or through the
JNK and PI-3 pathways (Antonyak et al., 1998; Moscatello et al., 1998).
The cyclin-dependent kinase 4 (CDK4) gene (12q14) is amplified in nearly
15% of high-grade gliomas (Reifenberger et al., 1994; Nishikawa et al., 1995),
particularly in tumors that do not have p16 or p15 alterations. The sequential
activation of cyclin-dependent kinases (CDKs) and their subsequent
phosphorylation of critical substrates promote the progression through the cell
cycle. The complexes formed by CDK4 and the D-type cyclins are involved in
the control of cell proliferation during the G1 phase. CDK4 is inhibited by p16.
Interaction between pRb and CDK4/CDK6 leads to phosphorylation of pRb by
CDK2 (Harbour et al., 1999). Germline mutations of the CDK4 gene
predispose to familial melanoma (Zuo et al., 1996).
Primary glioblastomas, or de novo glioblastomas, develop without evidence of
progression from lower-grade precursor lesions. Genetic changes in primary
glioblastomas are often different from those of glioblastomas that have
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developed through diffuse astrocytoma. p53 mutations are less frequent in
primary glioblastomas (10%), while EGFR overexpression is much higher
(70%) (rev. by Kleihues and Ohgaki, 2000).
Genetic changes detected in pilocytic astrocytomas are few. Mutations of the
p53 gene are reported rarely (Lang et al., 1994; Patt et al., 1996). Occasionally,
pilocytic astrocytomas show loss of choromosome arm 17q, which harbors the
region encoding the NF1 gene (von Deimling et al., 1993). Also amplifications
on chromosomes 7 and 8 have been detected in one third of pilocytic
astrocytomas (White et al., 1995).

1.3.3 Genetic changes in oligodendrogliomas
The most frequent genetic alteration in oligodendroglial tumors is allelic loss
on chromosome arm 19q (Reifenberger et al., 1994; von Deimling et al., 1994;
Jeuken et al., 2001). However, no tumor suppressor genes at this region have
been associated with oligodendrogliomas (Smith et al., 1999). The second most
common genetic alteration is allelic loss on chromosome arm 1p (Bello et al.,
1995; Nigro et al., 2001). Recent studies suggest that several tumor suppressor
genes from 1p may be involved in the pathogenesis of oligodendrogliomas, one
of them being CDKN2C at 1p32 (Husemann et al., 1999; Pohl et al., 1999).
Increased expression of EGFR has been detected in 40% of
oligodendrogliomas (Reifenberger et al., 1996). Deletions of the p16 gene are
also implicated in about 25% of anaplastic oligodendrogliomas (Cairncross et
al., 1998; Bigner et al., 1999), whereas mutations of PTEN or p53 are
uncommon (Maintz et al., 1997; Duerr et al., 1998).

1.3.4 Genetic changes in ependymomas
At the molecular level, ependymomas are clearly distinct from astrocytic
gliomas and oligodendrogliomas. Frequent loss of chromosome arm 6q has
been detected, but no alterations of specific tumor suppressor genes situated in
this region have been reported (Reardon et al., 1999; Hirose et al., 2001).
Frequent loss at chromosome 22 has also been reported (Hulsebos et al., 1999).
Alterations of the p16, p15, EGFR, NF2 or p53 genes are rare or absent in
ependymomas (Bijlsma et al., 1995; von Haken et al., 1996; Ebert et al., 1999).
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Figure 1. Genetic changes in two major subtypes of glioma: diffuse astrocytic
and oligodendroglial tumors.
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2. Established hereditary cancer syndromes with gliomas

Approximately 1-10% of all cancers are considered to be associated with a
hereditary cancer syndrome (Vogelstein and Kinzler, 1998). There are a
number of established tumor syndromes that are known to predispose to glioma
(Table 1). In each of these syndromes, the clinical manifestations are distinct,
with a unique spectrum of nervous system neoplasms, systemic tumors and
non-neoplastic lesions. The diagnosis is based on clinical findings, and genetic
analyses only complement the clinical diagnosis.

2.1 Neurofibromatoses 1 and 2

Although as many as eight variants of neurofibromatosis have been proposed
on the basis of clinical manifestations (Riccardi, 1986), only two distinct
entities have been recognized on genetic grounds. These are neurofibromatosis
type 1 (NF1), which arises from mutations of the NF1 gene at 17q11.2
(Seizinger et al., 1987), and neurofibromatosis type 2 (NF2), which derives
from defects of the NF2 gene at 22q12.2 (Rouleau et al., 1993; Trofatter et al.,
1993).
NF1 is the most frequent of the established tumor syndromes involving
gliomas. The incidence is about 1/4000 live births (von Deimling et al., 2000).
Approximately 30% to 50% of NF1 patients do not have a previous family
history of NF1 and are therefore considered to arise from new mutations in the
sperm or egg of their parents. Germline mutations of the NF1 gene have been
associated with a wide variety of lesions. However, in most cases the diagnosis
of NF1 can be presumed by the presence of a few hallmarks
(Neurofibromatosis Conference Statement, 1988). Café-au-lait spots are
observed in nearly all infants and juvenile NF1 carriers but tend to recede with
higher age. On the contrary, neurofibromas are rarely seen in infants, but
almost always encountered in older patients. Other hallmarks of NF1 are
axillary freckling, optic glioma (Lewis et al., 1984), Lisch nodules, distinct
osseous lesions, macrocephaly (Huson et al., 1988), astrocytomas, and
glioblastomas (Hochstrasser et al., 1988). However, none of these lesions by
itself is pathognomonic for NF1. A study of 450 NF1 patients in the north west
region of England revealed gliomas in 6% of the patients (no age range
mentioned), 80% of which were optic nerve gliomas with a median age of 4
years at diagnosis (McGaughran et al., 1999).
The NF1 gene is a tumor suppressor gene comprising 59 exons that encode a
protein product containing over 2800 amino acids (Marchuk et al., 1991; Li et
al., 1995). One extensive intron, 27b, includes coding sequences for three
embedded genes that are transcribed in a reverse direction: EVI2A, EVI2B and
OMGP (reviewed by Shen et al., 1996). Four alternatively spliced NF1
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transcripts have been identified (Bernards et al., 1992). The protein encoded by
NF1, neurofibromin, has a domain homologous to the GTPase activating
protein (GAP) family, and downregulates ras activity. Although search for
mutations in the gene has proved difficult, germline mutation analyses have
shown that around 82% of all the so far fully characterized NF1 specific
mutations predict severe truncation of neurofibromin (Shen et al., 1996).
Mutations of the NF1 gene are occasionally found in sporadic astrocytic tumors
(Tenan et al., 1993; Jensen et al., 1995; Thiel et al., 1995).
NF2 is an uncommon disorder estimated to occur in 1/40 000 live births (Evans
et al., 1992). Characteristc lesions of NF2 are meningiomas, schwannomas,
gliomas, neurofibromas, posterior subcapsular lens opacity, and cerebral
calcification. Bilateral vestibular schwannomas are the hallmark for NF2.
Schwannomas are also the most frequent spinal tumors in NF2 and are often
multiple (Halliday et al., 1991; Mautner et al., 1996). Meningioma is the
second most common CNS tumor. Mautner et al. (1996) reported that 59% of
NF2 patients (48 patients with an age range of 4-62 years and the mean age of
28 years) had meningiomas, investigated by magnetic resonance imaging. The
tumors were in multiple in 38% of the cases. Intramedullary tumors, such as
astrocytoma and ependymoma were reported in 31% of the NF2 patients. Most
of these tumors were asymptomatic (Mautner et al., 1996). Ependymomas
account for approximately 65-75% of all histologically diagnosed gliomas in
NF2 (Lee et al., 1996; Mautner et al., 1996). NF2 is clinically heterogeneous,
ranging from the mild Gardner type with late onset and slowly-growing
vestibular schwannomas to the aggressive Wishart type with early onset and
multiple rapidly growing tumors causing early death (Evans et al., 1992; Parry
et al., 1994).
The NF2 gene is a tumor suppressor gene comprising 17 exons (Gusella et al.,
1999). The NF2 gene product merlin (for moesin-ezrin-radixin [ERM]-like
protein; also known as schwannomin) contains 595 amino acids. The
similarities between merlin and other ERM proteins suggest that the growth-
regulating effects of merlin may be due to alterations in cytoskeletal function
(Gutmann et al., 1999). Although allelic loss of 22q is a frequent event in
sporadic ependymomas and astrocytic tumors, in most cases alterations of the
NF2 gene have not been found (Rubio et al., 1994; Hoang-Xuan et al., 1995;
Hitotsumatsu et al., 1997).
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2.2 Tuberous sclerosis

Tuberous sclerosis is the second most common hereditary tumor syndrome
manifesting gliomas (Osborne et al., 1991). An incidence of 1/5000 to 1/10 000
live births has been estimated (Wiestler et al., 2000).  The most common lesion
of tuberous sclerosis is the hypopigmented “ashleaf spot” (Osborne et al.,
1991). Diagnostic cutaneous lesions are multiple facial angiofibromas and
subungual fibromas. Other hallmarks of tuberous sclerosis are a fibrous
forehead plaque, a shagreen patch, confetti skin lesions, cortical tubers of the
brain, subependymal giant cell astrocytomas, cardiac rhabdomyomas,
pulmonary lymphangiomatosis, renal angiomyolipomas, renal cysts, retinal
hamartomas, and other benign lesions. Typically, these lesions have different
ages of onset in the course of tuberous sclerosis. The neurologic manifestations
of tuberous sclerosis vary widely between families and within families. Severe
involvement causes seizures and mental retardation. Subependymal giant cell
astrocytomas have been reported to occur in 6-16% of the tuberous sclerosis
patients aged 0 to 20 years (Ahlsen et al., 1994).
Germline mutations in TSC1 or TSC2 genes predispose to tuberous sclerosis.
The TSC1 gene is located on 9q34 (Connor et al., 1987) and TSC2 on 16p13
(Kandt et al., 1992). Approximately 50% of tuberous sclerosis patients have a
positive family history, indicating a high rate of de novo mutations. The TSC1
gene contains 23 exons encoding a protein (hamartin) with a molecular weight
of 130 kD (van Slegtenhorst et al., 1997). The TSC2 gene contains 40 exons
and encodes a 180 kD protein product (tuberin) (The European Chromosome
16 Tuberous Sclerosis Consortium, 1993). Alternatively spliced mRNAs have
been reported (Xiao et al., 1995). Recent data indicate that hamartin and
tuberin interact within the cell, which may explain the almost indistinguishable
clinical manifestations of the two forms of tuberous sclerosis (Plank et al.,
1998). Both genes are considered to act as tumor suppressors.

2.3 Li-Fraumeni syndrome

The clinical criteria for LFS are a proband aged under 45 years with a sarcoma,
with a first-degree relative aged under 45 years with any cancer, and an
additional first- or second-degree relative aged under 45 years with any cancer
or sarcoma at any age (Li and Fraumeni, 1969). Less stringent criteria for a Li-
Fraumeni –like syndrome as presented by Birch et al. (1994) are found in Study
II of this thesis. Breast carcinomas are the tumors most frequently encountered
in families with germline p53 mutations and account for 24% of all tumors,
followed by bone sarcomas (13%), brain tumors (12%), soft tissue sarcomas
(12%), gastrointestinal tract tumors (7%), hematological neoplasms (4%), and
adrenocortical carcinomas (4%) (Kleihues et al., 1997). Gliomas are the most
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frequent brain tumors reported in these families. Approximately 50% of the
families with LFS are estimated to have germline p53 mutations (Kleihues et
al., 1997). Thus, there may be also other genes predisposing to LFS, or other
mechanisms than a mutation in the coding region of the p53 gene to inactivate
the gene. Approximately 50% of families with germline p53 mutations do not
meet the criteria for classic LFS. From 1990 to 2001, a total of 194 families
with a p53 germline mutation have been reported
(http://www.iarc.fr/p53/Index.html).
Point mutations are the most common type of mutation observed in LFS
families, comprising about 85% of germline mutations (Kleihues et al., 1997).
Similarly to somatic mutations, p53 germline mutations have been described in
the highly conserved regions of exons 5 to 8, with clusters at codons 248 and
273 (Kleihues et al., 1997).

2.4 Turcot’s disease

Turcot’s disease is characterized by adenomatous colorectal polyps or colon
carcinomas, and by malignant neuroepithelial tumors, usually
medulloblastomas or glioblastomas. Most cases of Turcot’s syndrome occur in
the setting of the familial adenomatous polyposis (FAP) syndrome or
hereditary non-polyposis colorectal carcinoma (HNPCC) syndrome.
Approximately 160 cases of Turcot’s syndrome have been reported between
1949-2000 (Cavenee et al., 2000).
Turcot’s syndrome type I consists of glioblastoma in patients without FAP,
some of whom have HNPCC. These patients carry germline mutations of DNA
mismatch repair genes such as hPMS2 (7p22), hMSH2 (2p22) or hMLH1
(3p21) (Hamilton et al., 1995). HNPCC is characterized by the early
occurrence of colorectal cancer (usually located in the right colon), frequent
synchronous and metachronous colorectal malignancies, and association with
tumors of other organs, such as endometrium, skin and stomach.
Turcot’s syndrome type 2 is characterized by medulloblastoma, which is
associated with FAP. These patients carry germline mutations of the APC
(5q21) gene (Mori et al., 1994). FAP is a common hereditary syndrome
characterized by early development of colorectal cancer consequent to
extensive adenomatous polyps of the colon. In addition, polyps of the upper
gastrointestinsal tract, congenital hypertrophy of the retinal pigment, jaw cysts,
osteomata, and desmoid tumors are included.
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2.5 Gorlin syndrome

Gorlin syndrome or basal cell nevus syndrome is associated with a wide variety
of developmental anomalies and a predisposition to benign and malignant
neoplasms. The major clinical manifestations are multiple basal cell
carcinomas of the skin, odontogenic keratocysts, palmar and plantar
dyskeratotic pits, ovarian fibromas, intracranial calcifications, and
medulloblastomas. Rarely, other nervous system tumors have been reported,
including astrocytoma and meningioma (Evans et al., 1991; Albrecht et al.,
1994). The PTCH gene at 9q22 (Johnson et al., 1996) has at least 23 exons
(Hahn et al., 1996; Johnson et al., 1996). A population-based study in the UK
reported a prevalence of 1 case with Gorlin syndrome per 57 000 people
(Evans et al., 1991). About 40% of affected individuals carry de novo
mutations (Shanley et al., 1994).

2.6 Retinoblastoma syndrome

The hereditary retinoblastoma syndrome is a rare disorder predisposing to
retinoblastomas, osteosarcomas and pineoblastomas.  It has been reported that
patients who survive retinoblastoma have a higher incidence of malignant
gliomas (Eng et al., 1993). A varying incidence between 1/34 000 and 1/62 000
live births has been estimated (Newsham et al., 1998). The RB gene at 13q14
(Cavenee et al., 1985; Friend et al., 1986; Dunn et al., 1988) has 27 exons
giving a coding region of 2784 bp and a polypeptide of 928 amino acids (Lee et
al., 1987). RB mutations have also been identified in sporadic high-grade
diffuse astrocytomas, but not as an early event in low-grade astrocytomas
(Henson et al., 1994; Burns et al., 1998; Perry et al., 1999; Puduvalli et al.,
2000).
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TABLE 1. Hereditary tumor syndromes with gliomas (modified from Kleihues and Cavenee, 2000).

Syndrome Gene Chromosomal
location

Protein function Nervous system Other tissues

Neurofibromatosis 1 NF1 17q11 GTPase activating
protein

Neurofibroma, malignant peripheral
nerve sheat tumor, optic nerve
glioma, astrocytoma

Café-au-lait spots, axillary
freckling, iris hamartoma, osseous
lesion

Neurofibromatosis 2 NF2 22q12 Cytoskeletal-cell
membrane link

Bilateral vestibular schwannomas,
peripheral schwannoma,
meningioma, spinal ependymoma,
astrocytoma, glial hamartia

Posterior lens opacity, retinal
hamartoma

Tuberous sclerosis TSC1
TSC2

16p13
9q34

Not known
GTP-ase-
activating protein

Subependymal giant cell
astrocytoma, cortical tubers

Cutaneous angiofibroma, peau
chagrin, cardiac rhabdomyoma,
adenomatous polyps of the small
intestine, cysts of the lung and
kidney

Li-Fraumeni
syndrome

p53 17p13 Transcription
factor, apoptosis
regulator

Glioma, primitive neuroectodermal
tumor

Bone and soft tissue sarcoma,
breast carcinoma, adrenocortical
carcinoma, leukemia

Turcot’s syndrome APC
hMLH1
hPSM2

5q21
3p21
7p22

Signal
transduction,
DNA mismatch
repair

Medulloblastoma, glioblastoma Colorectal polyps, ovarian
carcinoma, café-au-lait spots

Gorlin syndrome PTCH 9q31 Transmembrane
receptor

Medulloblastoma, meningioma,
astrocytoma

Multiple basal cell carcinomas,
palmar and plantar pits

Retinoblastoma
syndrome

RB 13q14 Regulator of
transcription
factors

Retinoblastoma, glioma,
pineoblastoma

Osteosarcoma
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3. Aggregation of gliomas in families without established tumor
syndromes

Although inherited susceptibility to gliomas is known to occur with certain
established tumor syndromes, familial clustering of two or more gliomas may
occur without distinct clinical manifestations of these syndromes. Most patients
with familial glioma do not carry germline mutations of known tumor
suppressor genes. Thus, on the basis of case reports and epidemiological
studies a distinct hereditary syndrome with gliomas as the major manifestation
has been suggested.

3.1 Family reports

There are at least 40 reports describing families with two or more brain tumor
patients in the literature published in English during the years 1960-2001
(Table 2). These reports include 350 families with gliomas in the absence of
established tumor syndromes. In addition to these families, a smaller number of
pedigrees with other types of brain tumors have been reported (Acqui et al.,
1989; Tijssen, 1991). Since it is yet unclear whether different types of brain
tumors are associated with glioma, only families with at least one verified
glioma are included in Table 2.
In some case reports, it has been proposed that brain tumors tend to have a
similar histologic picture and similar biologic behavior within the same family
(Horton, 1976; Roosen et al., 1984; Salcman and Solomon, 1984; Sato et al.,
1984). Indeed, identical twins have been reported to develop simultaneous
oligodendrogliomas (Roelvink et al., 1986), and quite a few families have been
described with two or more glioblastomas (Everson and Fraumeni, 1976;
Salcman and Solomon, 1984; Heuch and Blom, 1986; Hardman et al., 1989;
Dirven et al., 1995). However, a consistent pattern of inheritance, which could
be shared in a distinct subpopulation of glioma families, has not been
identified. The overall familial pattern is also somewhat atypical for hereditary
cancer, since gliomas do not always occur over multiple generations, early
onset is not apparent, and in cases of parent-child pairs, the child is often
diagnosed before the parent.
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TABLE 2. A survey of the literature on families with two or more primary
brain tumors, of which at least one is a verified glioma*. Families with
established tumor syndromes are not included.

Number of
families

Number of affected persons in one
family

296 2
29 3
16 4

3 5
2 6

2 7
1 9
1 10
*Families are first reported in Hauge and Harvald, 1960; Chen et al., 1970;
Everson and Fraumeni, 1976; Thuwe et al., 1979; Chadduck and Netsky, 1982;
Tijssen et al., 1982; Wald et al., 1982; Challa et al., 1983; Farwell and Flannery,
1984; Maroun et al., 1984; Roosen et al., 1984; Salcman and Solomon, 1984; Sato
et al., 1984; Chemke et al., 1985; Heuch and Blom, 1986; Leblanc et al., 1986;
Roelvink et al., 1986; Honan et al., 1987; Sulla et al., 1987; Acqui et al., 1989;
Duhaime et al., 1989; Ferraresi et al., 1989; Hardman et al., 1989; Lossignol et et
al., 1990; Wrensch and Barger, 1990; Lowdell et al., 1991; Oyama et al., 1991;
Ikizler et al., 1992; Azizi et al., 1995; Dirven et al., 1995; Li et al., 1995; Lübbe et
al., 1995; Wrencsh et al., 1997; Bahuau et al., 1998; Grossman et al., 1999;
Malmer et al., 1999; Zhou et al., 1999; Hemminki et al., 2000; Tachibana et al.,
2000; Malmer et al., 2001;Osborne et al., 2001.

3.2 Epidemiological studies

An increased risk of CNS tumors among first-degree relatives of brain tumor
patients has been verified in several epidemiological studies (Table 3). In
recent studies, stratification of the brain tumor diagnoses has revealed the
increased risk of CNS tumors to be mostly due to astrocytoma among relatives
of glioma patients (Malmer et al., 1999; Hemminki et al., 2000; Hemminki et
al., 2001). Hemminki et al. (2000) have also reported an association between
meningioma and childhood astrocytoma as well as familial occurrence of
meningioma.
It is still unclear which other types of cancer are associated with brain tumors.
Farwell et al. (1984) found an increased risk of leukemia and childhood tumors
in families with juvenile brain tumors. This was not confirmed by the study of
Hemminki et al. (2000), who in turn observed an increased risk of colon cancer
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among relatives of juvenile ependymoma patients. Nor has the decreased risk
of breast or colon cancer, reported by Malmer et al. (1999), been confirmed in
a subsequent study (Malmer et al., 2000). Other associations, observed by
Hemminki et al. (2001), are those between astrocytoma and melanoma and
astrocytoma and endometrial cancer.

TABLE 3. A survey of the literature on epidemiological studies of family
history as a risk factor for brain tumor.

Study Study design Number of
indices

Risk of brain
tumors

Other primary sites
with statistically
significant cancer risks

Overall cancer
risk

Farwell and
Flannery,
1984

Case-control,
1st degree
relatives

643 brain
tumor
patients

Increased Leukemia (increased)
Childhood tumors
(increased)

Not
investigated

Bondy et al.,
1991

Cohort, 1st-2nd

degree
relatives

243 brain
tumor
patients

Normal Colon (increased) Normal

Gold et al.,
1994

Case-control,
1st degree
relatives

361 brain
tumor
patients

Normal None Not
investigated

Hemminki
et al., 2000

Cohort, 1st

degree
relatives

2812 brain
tumor
patients

Increased None -

Choi et al.,
1970

Case-control,
1st degree
relatives

157 brain
tumor
patients

Increased Not investigated Not
investigated

Wrensch
and Barger,
1990

Case-control,
1st degree
relatives

101 glioma
patients

Normal None Increased

Wrensch et
al., 1997

Case-control,
1st degree
relatives

462 glioma
patients

Increased None Normal

Malmer et
al., 1999

Cohort,  1st

degree
relatives

297 glioma
patients

Increased Breast (decreased)
Colon (decreased)

Normal

Malmer et
al., 2001

Cohort, 1st-3rd

degree
relatives

50 familial
glioma
patients

Not
investigated

None Normal

Hemminki
et al., 2001

Cohort,
parent-
offspring

5425 adult
brain tumor
patients

Increased Rectum (increased)
Endometrium
(increased)
Melanoma
(increased)
Thyroid gland
(increased)

-

Children as index patients

Index patients of all ages
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3.3 Segregation analyses

Segregation analysis is used to build a model that would best explain the
pattern of the inheritance of a disease. So far, three segregation studies have
been published on brain tumor families (Bondy et al., 1991; de Andrade et al.,
2001; Malmer et al., 2001a). These studies have adopted different approaches
for calculating segregation.
The study by Malmer et al. (2001a) calculated segregation for gliomas only.
This analysis was based on the first-degree relatives of Swedish glioma
patients. Two or more gliomas were identified in 14 out of 297 families. In
their analysis, Malmer et al. did not clearly reject the multifactorial model in
favor of a major gene. However, the recessive model provided the best fit for
the generalized major locus, and the dominance at the locus approached zero.
The sporadic model was strongly rejected (Malmer et al., 2001a).
Two studies have calculated segregation for cancer over-all in brain tumor
families. The study by de Andrade et al. (2001) calculated segregation in first-
and second-degree relatives of glioma patients. This analysis favored a
multifactorial model indicating multigenic action with involvement of
unknown environmental exposures. Bondy et al. (1991) performed a
segregation analysis on families with various childhood brain tumors and did
not distinguish between the cancer types of the relatives. Although different
Mendelian models could not be clearly distinguished, a multifactorial model
was favored. Of the major locus models, the recessive model provided the best
fit (Bondy et al., 1991).
Although there are three segregation analyses performed on families with brain
tumor patients, only Malmer et al. (2001a) specified the analysis for familial
glioma. However, since the number of cases was small in this study, and only
first-degree relatives were investigated, the results should be cautiously
interpreted.

TABLE 4. Segregation analyses of brain tumor families.

Study Population Number
of
families

Model
suggested

Cancers
calculated for
segregation

Bondy et al.,
1991

American 259 Multifactorial
model

All types

de Andrade et al.,
2001

American 639 Multifactorial
model

All types

Malmer et al.,
2001a

Swedish 297 Autosomal
recessive

Glioma
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3.4 Genetic studies on glioma families

There are a number of genes that are either frequently mutated in sporadic
gliomas and/or found to predispose to gliomas in other hereditary tumor
syndromes. These genes are considered as possible susceptibility genes for
familial glioma.

3.4.1 p53 tumor suppressor gene
The most frequently examined gene in familial gliomas is the p53 tumor
suppressor gene. The high incidence of gliomas in Li-Fraumeni families
(Kleihues et al., 1997) and the high frequency of somatic p53 mutations in
sporadic glial tumors (Chung et al., 1991; Mashiyama et al., 1991; Frankel et
al., 1992; Fults et al., 1992; von Deimling et al., 1992) suggest that germline
p53 mutations could play an important role in familial predisposition to
gliomas.
There are at least nine studies that have investigated constitutional DNA for
p53 mutations in families with two or more gliomas (Kyritsis et al., 1994; van
Meyel et al., 1994; Li et al., 1995; Lübbe et al., 1995; Saeki et al., 1997; Vital
et al., 1998; Zhou et al., 1999; Tachibana et al., 2000; Malmer et al., 2001b).
Some of these studies have identified germline p53 mutations in glioma
families (Kyritsis et al., 1994; Li et al., 1995; Lübbe et al., 1995; Saeki et al.,
1997; Vital et al., 1998; Tachibana et al., 2000), while others have not done so
(van Meyel et al., 1994; Malmer et al., 2001b). However, germline p53
mutations in glioma families can usually be associated with highly typical
tumors of LFS, such as sarcoma, adrenocortical carcinoma, bilateral breast
cancers or second primary cancers. These rare tumor entities in glioma families
should alert to the possibility of finding a germline p53 mutation. Most familial
glioma pedigrees do not feature these cancers, and in these families germline
p53 mutations are rare (for a detailed summary, see Study II of this thesis).

3.4.2 INK4 chromosome locus
Other tumor suppressor genes which have been found to harbor mutations in
the germline of glioma families are located in the INK4 chromosome region at
9p21 (Bahuau et al., 1998; Tachibana et al., 2000). This region harbors the
p16/INK4A/CDKN2A/MTS1, p15/INK4B/CDKN2B, and p14/ARF genes. Large
germline deletions at this chromosome locus have been identified in three
families manifesting brain tumors and skin melanomas (Bahuau et al., 1998;
Tachibana et al., 2000). Predisposition to neurofibromas has also been
associated with these families (Bahuau et al., 1997; Petronzelli et al., 2001).
Smaller mutations, limited to the p16 gene, are known to predispose to familial
melanomas (Hussussian et al., 1994; Fargnoli et al., 1998; MacKie et al., 1998;
Borg et al., 2000; Tsao et al., 2000).
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 3.4.3 Other genes studied
Neurofibromatosis 1 is the most common of the established tumor syndromes
with gliomas. It is possible that, in some families, germline mutations of the
NF1 gene could primarily manifest as gliomas. There is only one study
investigating exon 24 of the NF1 gene in 16 glioma families (van Meyel et al.,
1994). In this study, no germline mutations were found. Exon 24 encodes the
catalytic domain of the NF1 GRD, which is considered to be an important
domain in the stimulation of rasGTPase activity. However, the NF1 gene can
apparently be inactivated by a number of mechanisms in various parts of the
gene (Cawthon et al., 1990; Wallace et al., 1990; Wallace et al., 1991). Because
of the large size of the gene, comprising a total of 59 exons, it is laborious to
investigate the whole coding region. Thus, it is still unclarified whether the
NF1 gene plays an unrecognized role in families with multiple glioma patients.
PTEN/MMAC1 is involved in Cowden disease (Nelen et al., 1996; Liaw et al.,
1997), which does not predispose to gliomas but to dysplastic gangliocytomas
of the cerebellum (Lhermitte J, 1920). However, mutations of the gene are
frequently found in sporadic glioblastomas. The PTEN gene has been
sequenced in the germline of familial glioma pedigrees in three separate
studies, but no mutations were found in these investigations (Zhou et al., 1999;
Tachibana et al., 2000; Malmer et al., 2001b). All the three studies sequenced
all nine exons and the corresponding splice junctions of the PTEN gene.
CDK4 is a proto-oncogene, the mutations of which are known to predispose to
familial melanomas (Zuo et al., 1996). CDK4 is also frequently amplified in
malignant gliomas. Constitutional DNA from glioma families has been
sequenced in two studies (Gao et al., 1997; Tachibana et al., 2000). In their
study, Tachibana et al. investigated only exon 2 of the gene, while in the other
study, Gao et al. analyzed all coding exons 2-8. No germline mutations were
found in either of these studies.
There is also a loss of heterozygosity (LOH) study on familial gliomas
published in 1995 by Watling et al. These investigators studied markers in
chromosome regions 9p21-22, 10q24-26, and 17p13.1. All these regions are
frequently deleted in diffuse astrocytomas. Alterations at these loci were as
common in familial gliomas as in sporadic ones (Watling et al., 1995).
Another study by Malmer et al. (2001b) investigated microsatellite instability
in familial gliomas to examine the involvement of DNA mismatch repair genes
predisposing to Turcot’s disease. No microsatellite instability was found with
two markers commonly used for HNPCC screening.
Epidemiological studies have suggested the existence of a rare tumor syndrome
with prostate cancer and gliomas as the major manifestations (Goldgar et al.,
1994; Isaacs et al., 1995). Further support to this syndrome has been given in a
linkage analysis by Gibbs et al. (1999). The susceptibility locus has been
mapped to 1p36, but the predisposing gene has not been identified so far.
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AIMS OF THE STUDY

1. To clarify whether the familial aggregation of gliomas is clinically distinct
from already established tumor syndromes (Study I).

2. To find out if the risk of tumors other than glioma is increased in pedigrees
with familial gliomas (Study I).

3. To investigate the involvement of known candidate genes in familial
predisposition to gliomas (Studies II, III and IV).

4. To identify new candidate loci for the putative glioma susceptibility gene
by genome-wide analyses (Studies III and IV).
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MATERIALS AND METHODS

1. Familial glioma patients

A total of 369 glioma patients underwent surgery at Tampere University
Hospital (TaUH) between January 1983 and December 1994. In 1995,
questionnaires were sent to these consecutive patients or their next of kin
inquiring about other cancers in their families (Appendix I). Out of 317
answers, 36 glioma patients belonging to 31 families were found to have 35
relatives with possible brain tumors. The relatives’ brain tumor diagnoses were
verified through hospital records and the files of the Finnish Cancer Registry
(FCR). Seventeen of the relatives’ brain tumors were gliomas with histological
confirmation, eight were probable gliomas diagnosed radiologically, one brain
tumor was confirmed only by the death certificate, three were meningiomas
with histological confirmation, one was a central nervous system lymphoma,
one was a hypophyseal adenoma, two were metastases from lung cancer, and
two brain tumor diagnoses could not be confirmed. Of the 31 families, only
those with two or more gliomas with histological or radiological confirmation
were included in further studies. Thus, 25 families with 30 glioma patients
treated at TaUH, having 25 relatives with verified gliomas, were eligible for
this study (see Tables 5 and 6 and Appendix II). The 55 glioma patients
identified through the questionnaires are regarded as index patients for the
familial glioma pedigrees. In addition to the index glioma patients, one glioma
was found through the files of the FCR in subsequent studies. The 25 families
also had six brain tumors that were not identified as gliomas: four meningiomas
confirmed through the FCR, one brain tumor confirmed only by the death
certificate, and one brain tumor that could not be confirmed.
The relationship between the nearest familial glioma patients was first-degree
in nine families, second-degree in seven families, third-degree in five families,
and fifth-degree in three families. There were four gliomas in one family, three
gliomas in four families and two gliomas in 20 families. Two of these families
had shared ancestors living in the 18th century, forming together a family of six
gliomas (Appendix II, families X and Y).
The median age at the time of diagnosis among the 30 familial glioma patients
treated at TaUH during 1983-1994 was 32 years. The median age at onset
among all the 56 familial glioma patients was 33 years (Table 7). Gender
distribution of familial glioma patients was similar to what has been reported
on sporadic gliomas (male to female ratio 1.33:1).
We had access to the hospital records of 50 of the 56 familial glioma patients to
find out their family histories and certain key manifestations encountered in
established tumor syndromes. One of the familial glioma patients was treated
for an astrocytoma of the optic nerve, but other signs of NF1, such as
neurofibromas, café-au-lait spots or axillary freckling, were not found in the
hospital records. Two glioma patients had spinal ependymomas (a feature of
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NF2), but signs such as (vestibular) schwannomas, multiple meningiomas,
multiple ependymomas, glial hamartias, cerebral calcifications or ocular lesions
were not found. One subependymal giant cell astrocytoma (a sign of tuberous
sclerosis) was also diagnosed, but remarks on cortical hamartomas, cutaneous
angiofibromas or mental retardation were not found. One familial glioma
patient had had carcinoma of the cervix uteri before diagnosis of the brain
tumor. Another had been treated for an oligodendroglioma by radiation therapy
and was nearly 30 years later diagnosed with a meningioma in the same region.

TABLE 5. Sources of brain tumor diagnoses in the 25 familial glioma
pedigrees.

Operated at
TaUH*

Reported in
questionnaires

Finnish Cancer
Registry

Histologically
confirmed

30 gliomas 17 gliomas
+2 meningiomas**

1 glioma
+2 meningiomas

Radiological
confirmation

8 probable
gliomas**

Confirmed by
death certificate

1 unspecified brain
tumor

No confirmation 1 unspecified brain
tumor

Total 30 29 3
*Tampere University Hospital
**Confirmation through hospital records and the files of the FCR
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TABLE 6. Numbers of families and subjects investigated in Studies I-IV.

Study I Study II Study III Study IV
Number of
families
(total 25)

24 18 17 15 (linkage)
24 (immuno-
histochemistry)

Number of
familial
glioma
patients
(total 56)

54 24 (mutation
analysis)
24 (immuno-
histochemistry)

21 21 (linkage)
29 (immuno-
histochemistry)

Number of
relatives

2664 2 (mutation
analysis)

- 44 (linkage)

Number of
sporadic
controls

- 72 (immuno-
histochemistry)

209 (CGH
literature)

87 (immuno-
histochemistry)

2. Sporadic glioma patients

All familial and sporadic tumors used for the immunohistochemical
comparisons in Studies II and IV had been operated upon at TaUH during
1983-1994. For each familial case, three sporadic age- (+/-10 years), histology-
and grade-matched controls were selected. Sporadic controls were chosen
among the 287 glioma patients treated at TaUH, who were not reported to have
any relatives with brain tumors. The family history of cancer was based on the
data obtained from the questionnaires and not verified through hospital records.
The median age at onset of these sporadic glioma patients was 43 years (Table
7).
In Study III, the sporadic controls were retrieved through previous literature.
These controls were regarded sporadic, as no previous family history of brain
tumors had been reported.
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TABLE 7. Comparison of age (years) at diagnosis by tumor histology between
familial and sporadic gliomas.

Histology Median age at
onset of familial
glioma patients
at TaUH
(N)

Median age at
onset of all
familial glioma
patients
(N)

Median age at
onset of sporadic
glioma patients at
TaUH
(N)

Pilocytic
astrocytoma

10 (6) 11 (10) 6 (32)

Astrocytoma gr II 33 (6) 37 (7) 38 (44)
Astrocytoma gr III 32 (1) 32 (4) 45 (33)
Glioblastoma 53 (10) 48 (14) 55 (111)
Oligodendroglioma 33 (3) 30 (5) 43 (43)
Ependymoma 20 (2) 26 (3) 37 (19)
SEGA* 20 (1) 20 (1) 20 (3)
Unclassifiable
malignant tumor**

6 (1) 25 (1)

Ganglioglioma 32 (1) 32 (1) 0 (1)
No histological
grading

42 (10)

All 32 (30) 33 (56) 43 (287)
*Subependymal giant cell astrocytoma
**Unclassifiable malignant neuroepithelial brain tumor with primitive neuroectodermal –like
features
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3. Ascertainment of the glioma pedigrees

To investigate the occurrence of other cancers in familial glioma pedigrees, a
comprehensive genealogical tracing of the family members was performed.
The relatives of the familial glioma patients were traced through the church
parish records and the files of the Central Population Register. Population
registration in Finland has traditions dating back to the 16th century, and it is
considered to be of excellent quality. Local population registries are kept by the
church parishes and, for people not belonging to any religious community, by
local authorities. From 1964 on, this information is also registered in a
nationwide population register, kept by the Population Register Centre.
Through these data sources, the genealogical tracing of the family members
was successful in all but one family (Appendix II, family B). In this family, a
major part of the family members had emigrated. Thus, in 24 families, the
shared ancestors of the glioma patients were traced to as far back as birth
before the year 1900. Then all the descendants of these ancestors were traced.
The pedigrees covered four to six generations. The 24 families had 2918
members, with pedigree sizes ranging from 21 to 375. For the 129 relatives
who had emigrated, information about survival and children was obtained until
the date of emigration.
The cancer diagnoses of the relatives were retrieved through the files of the
FCR. The population-based and nationwide FCR was founded in 1952, and
cancer registration started in 1953. Although reporting cancer cases was not
obligatory until 1961, the coverage of cancer reporting was excellent even
before the legislation. Physicians, hospitals and pathology laboratories send
reports to the registry independently. In addition, the FCR receives information
of each death certificate in which cancer is mentioned. On average, five
notifications are received per case. In the years 1953-1966, the registration was
done manually using alphabetical patient name files. From the beginning of
1967 the register was computerized on the basis of unique personal identifiers
given to the residents of Finland. The Registry’s files are annually linked to the
file of deaths and emigrations issued by the Finland Statistics and Population
Register Centre. In a quality-control exercise, the FCR was estimated to cover
over 99% of all solid tumors diagnosed in Finland (Teppo et al., 1994).

4. Tissue samples and histopathology

Blood samples for the extraction of constitutional DNA were obtained from
182  members (25 affected, 157 relatives) of 23 families. Formalin-fixed and
paraffin-embedded tumor samples were available for all familial and sporadic
patients operated at TaUH. In addition, histological specimens could be
obtained for nine familial glioma cases operated elsewhere.
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All the tumor samples were routinely stained with hematoxylin-eosin. In
addition, immunohistochemical stainings were performed for differential
diagnosis. These stainings included glial fibrillary acidic protein (GFAP,
positive in most glial cells and tumors), vimentin (positive in mesencymal and
glial cells), neurofilament and synaptophysin (positive in neurons and various
neuronally derived tumors), epithelial membrane antigen (EMA, positive in
epithelial cells and also in meningiomas), leukocyte common antigen (LCA,
positive in leukocytes and also in lymphomas), S-100 protein (positive in glial
cells and cells derived from the neural crest, e.g. schwannomas, neurofibromas,
and melanomas), and factor VIII antigen (positive in endothelium and
endothelial neoplasms).
A neuropathological re-evaluation of 39 of the 48 familial gliomas with
histological confirmation was performed for this study by two
neuropathologists (Hannu Haapasalo, M.D., Ph.D. and Hannu Kalimo, M.D.,
Ph.D.). The distributions of histological tumor types in the familial and
sporadic series are illustrated in Figure 2.

PA, pilocytic astrocytoma; A II, astrocytoma grade II; A III, astrocytoma grade III; GBM,
glioblastoma; O, oligodendroglioma; E, ependymoma; SEGA, subependymal giant cell astrocytoma;
GG, ganglioglioma; others include radiologically diagnosed tumors and ungraded astrocytomas

Figure 2. Relative frequencies of the histological types of glioma in familial
and sporadic series.
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5. Relative cancer risk estimation (Study I)

Twenty-four families with adequate family data available were included in
Study I. The cancer diagnoses of the family members were retrieved from the
files of the FCR. All glioma patients were excluded from the risk analyses. For
the parents of the glioma patients, the follow-up started at the date of birth of
the glioma patient, whenever it was later than January 1, 1953. For other
relatives, the follow-up started on January 1, 1953 or the date of birth,
whichever was later, and ended at the date of death or at emigration or on
December 31, 1997, whichever was first.
The specific cancer sites analyzed for the risk estimation were those with the
most common cancer types and those associated with established tumor
syndromes with gliomas. The observed numbers of cases were counted by 5-
year age groups separately for nine calendar periods. The expected numbers of
cancer were calculated by multiplying the sex-, age-, and calendar year-specific
person-years by the respective cancer-specific incidence rates for Finland.

6. Analysis of candidate genes

6.1 p53 mutation analysis (Study II)
Genomic DNA was isolated from peripheral blood lymphocytes by using a
Puregene DNA Isolation Kit (Gentra Systems, Minneapolis, MN). The 50 µl
PCR mixture contained 0.16 µmol of each primer/L, 0.2 mmol of each
dNTP/L, 1.5 mM MgCl2, 200 ng of genomic DNA and, 1.25 units of
AmpliTaqGold DNA polymerase in a buffer recommended by the supplier
(Perkin Elmer). The primers are reported in Study II. The reaction mixture was
subjected to 35 cycles of denaturation at 95°C for 30 s, annealing at 58°C for
45 s and extension at 72°C for 45 s. For exons 5, 8, 9 and 10, the MgCl2
concentration was increased to 2.0 mM, and the annealing and extension
temperatures and times were changed to 55°C for 60 s and 72°C for 60 s,
respectively. The PCR products were then purified by using a QIAquick PCR
Purification Kit (QIAGEN). Cycle-sequencing of one (about 70% of the
samples) or both strands (about 30% of the samples) was performed using
either of the two primers used in PCR, with a Big Dye Terminator Cycle
Sequencing Ready Reaction Kit (Perkin Elmer). The products were analyzed
on an ABI Prism 310 sequencer.
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6.2 Immunohistochemical analysis of p53, NF1GRP, pRb and p16 (Studies II
and IV)
For p53 and MIB-1, immunohistochemistry was carried out using whole
sections of paraffin-embedded tumor samples. Microarray paraffin blocks were
used for pRb, p16, and NF1GRP immunochemistry (Kononen et al., 1998). The
multitissue blocks were constructed with a custom-built instrument (Beecher
Instruments, Silver Spring, MD). Up to two hundred specimens were included
in the microarray blocks, each of which had a diameter of 0.6 mm comprising
100-1400 nuclei. Five-�m sections were cut and mounted on SuperFrost
Plus/TechMate slides and dried overnight at 37�C. The sections were dewaxed
and rehydrated. Antigen retrieval was performed by heating the sections in
microwave oven for 2 x 7 minutes in 0.1 mol/l citrate buffer (pH 6.0) except
for anti-NF1GRP, when the sections were treated with Nagarse (Sigma
Chemical Co., St. Louis, MO) for 7 min at 37°C. The following antibodies
were used for the proteins studied: clone DO-7 for p53 (Novocastra
Laboratories, Newcastle, UK, dilution 1:300), clone G175-405 for p16
(PharMingen, San Diego, CA, dilution 1:100), clone IF8 for pRb (NeoMarkers,
Union City, CA, dilution 1:100), and affinity-purified rabbit polyclonal
antibody against carboxyterminal of NF1GRP (catalog item sc-67, Santa Cruz
Biotechnology, Santa Cruz, CA, dilution 1:250). For Ki-67 antigen, a mouse
monoclonal antibody MIB-1 (IgG, Immunotech, S.A., Marseille, France,
dilution 1:40), recognizing the Ki-67 antigen, was used. The sections were then
incubated with primary antibodies for 25 minutes at room temperature. For p53
and MIB-1 the bound antibodies were visualized using appropriate
streptavidin-biotin-peroxidase kit (Vector Laboratories, Burlingame, CA). For
p16, pRb and NF1GRP streptavidin-biotin-peroxidase method was applied in
TechMateTM 500 Immunostainer (Dako a/s, Glostrup, Denmark), and the
antibodies were visualized by ChemMateTM detection kit (Dako a/s) with
diaminobenzidine as the chromogen. Methyl green was used for
counterstaining.
For MIB-1 and p53, the percentage of immunopositive nuclei was counted with
an image analysis system (CAS-200� Software, Becton Dickinson & Co.,
U.S.A.). In the most intensely stained area, the percentage of positive nuclei
within 20 microscopic fields at 400x magnification was counted. For p16 and
pRb, the whole microarray spot was analyzed, and the percentage of
immunopositive nuclei was scored. For NF1GRP, the specimen was classified
as immunopositive if clear cytoplasmic staining was observed in three or more
tumor cells within the microarray spot.
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7. Genome-wide scanning analyses

7.1 Comparative Genomic Hybridization (Study III)

Hematoxylin and eosin-stained diagnostic sections (5 �m), from the paraffin-
embedded, formalin-fixed tumor samples were used for selecting the
histologically most representative tumor areas, comprising at least 70 per cent
of neoplastic tissue, for the CGH analysis. Genomic DNA was extracted using
QIAmp Tissue Kit (Qiagen GmbH, Hilden, Germany).
Normal reference DNA was labeled by nick translation with Texas Red-dUTP
(DuPont, Boston, MA) and the tumor DNA with fluorescein isothiocyanate
(FITC)-dUTP (DuPont). Both the labeled test DNA and the normal reference
DNA (each 600 ng), as well as 10 �g of unlabeled human Cot-1 DNA (Life
Technologies, Gaithersburg, MD) were hybridized onto normal metaphase
chromosomes (Vysis Inc., Downers Grove, IL). The hybridization was
performed at 37°C in a moist chamber for 48 hours. As a verification
experiment, hybridization with the opposite combination of the two
fluorochromes (reverse labeling) was performed for selected familial cases.
The hybridization results were visualized using an epifluorescence microscope
(Olympus BX50, Tokyo, Japan) equipped with a cooled charge-coupled device
camera (Cohu 4910, Cohu Inc., San Diego, CA) and analyzed by Quips CGH
analysis program (Resource of Molecular Cytogenetics, Lawrence Berkeley
National Laboratory, Berkeley, CA) based on the Sciliamge program (TNO,
Delft, The Netherlands). Chromosomal regions for which the mean green-to-
red ratio fell below the value of 0.85 were considered lost, whereas mean ratios
exceeding the value of 1.15 were considered to indicate gains.

7.2 Linkage analysis (Study IV)
Approximately 400 microsatellite markers from Applied Biosystems Linkage
Mapping Set MD-10 were used for the genome wide genotyping. The average
interval between the markers was 10 cM. 20 ng of DNA was dried on
microtiter plates for each PCR reaction. PCR assays were performed in 5µl
volume using reagent concentrations and temperature profiles as recommended
by the reagent manufacturer (Applied Biosystems, Foster City, CA).
Fluorescently labelled PCR products were pooled (10-20 markers in each
pool), and the electrophoresis was run on a MegaBace 1000 capillary
electrophoresis instrument (Molecular Dynamics, Sunnyvale, CA). The alleles
were called using Genetic Profiler 1.1 software (Molecular Dynamics).
Finemapping markers for the interesting regions in chromosomes 1, 6, 8 and 15
were selected between the original genome wide scan markers with average
intervals of 2-3 cM, based on the positions stated in the Marshfield genome
map (Broman et al., 1998). The PCRs were performed as described above.
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8. Statistical methods

In Study I, the standardized incidence ratios (SIRs) were calculated as the ratio
of observed numbers to the expected numbers of cases. Exact 95% confidence
intervals (CIs) were calculated assuming a Poisson distribution.
In Study II, tumor samples with 20% or more p53 positive nuclei were
classified as overexpressing (Kyritsis et al., 1996). The Chi-square test was used
to evaluate whether familial and sporadic tumors expressed similarly the p53
protein. To evaluate differences in Ki-67/MIB1 expression, the Mann-Whitney
U-test was used (SPSS 10.0/win, SPSS Inc., Chicago, IL).
In Study III, the frequencies (%) of aberrations at each chromosome arm were
calculated separately for 21 familial gliomas and 209 sporadic gliomas reported
in the literature. Whenever the difference between the two series was larger
than 10%, the statistical significance was tested with the Fischer’s exact test
(SPSS 10.0/win). The effect of multiple comparisons was taken into account
using Bonferroni correction, i.e. the given p-values were multiplied by the
number of comparisons.
In Study IV, nonparametric multipoint linkage analysis was performed with
GENEHUNTER 2.1 software (Kruglyak et al., 1996) for four multiplex
pedigrees (Appendix I, families A, H, Q, and X). Four chromosomes showing a
positive signal in the genome wide analysis were then re-analyzed with a
denser map using nonparametric linkage analysis.
Association analysis was carried out for chromosomes showing positive signal
in the nonparametric linkage (NPL) analysis. The association was measured by
the Haplotype Pattern Mining (HPM) method. HPM is a data mining –based
algorithmic approach to genetic association analysis, in which frequent patterns
of haplotypes associating to a trait are searched for (Toivonen et al., 2000).
HPM analyzes case-control data using non-transmitted parental chromosomes
as controls (i.e., pseudo-controls). The following parameters were used for
HPM: maximum length of the pattern 10 markers, maximum number of gaps 2,
and maximum �2 for a pattern 2. To compensate for differing marker densities
and marker informativeness, a total of 10 000 permutations were run to obtain
empirical p values.
Transmission/disequilibrium test (TDT) was done separately to each allele of
each marker in the data, lumping together the remaining alleles as implemented
in GENEHUNTER 2.1 package. The empirical p values were obtained in three
steps, each representing a different degree of correction for multiple testing. (1)
Correction for a single chromosome was provided using the distribution of the
highest �

2 value obtained from any marker and any allele within the
chromosome. (2) Correction for the four chromosomes analyzed with the
denser map was provided by selecting the highest of the four chromosome-
specific values, and creating the distribution for these values. (3) The most
stringent correction for the whole genome was done assuming that the four
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chromosomes roughly correspond to one fifth of the human genome. Thus,
multiplying the p value from stage 2 by five gives the conservatively corrected
p value, assuming hypothetical, equally dense map and equal sample size
everywhere in the genome.
Immunohistochemical comparisons: Differences in protein expression between
familial and sporadic gliomas were tested with the Mann-Whitney U-test for
p16 and pRb, and with the Chi-square test for neurofibromin (SPSS 10.0/win).

9. Ethical considerations

The study protocol was approved by the Ethics Committee of Tampere
University Hospital (95172) and the Ministry of Social Affairs and Health
(Dnro 127/08/95) in Finland. A written informed consent was obtained from all
subjects giving blood samples.
The laws and regulations concerning the collection and keeping of a register
containing personal data were followed throughout the study. Only persons
specified in the study protocol had access to the personal data. All DNA
samples were given a study number, and only persons with authorized
permission had knowledge of personal identification.
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RESULTS

1. Cancer incidence in families with multiple glioma patients (Study I)

The families were stratified according to the age at the diagnosis of the
youngest glioma patient in the family. Among 12 families with all gliomas
diagnosed at or over the age of 20 years, the SIRs for meningioma (5.5, 95%
CI: 1.1-16) and skin melanoma (4.0, 95% CI: 1.5-8.8) were significantly
increased. The pedigrees with melanomas and/or meningiomas are depicted in
Appendix II (families H, I, L, P, S, and Z; in family F, one melanoma was
diagnosed in 1998 and, thus, was not included in the statistical analysis). In the
adult-onset families, the overall cancer risk (gliomas excluded) was close to the
population average (SIR 1.1, 95% CI: 0.8-1.4).
Among the twelve families with at least one glioma patient affected under the
age of 20 years, 25 cancers (gliomas excluded) were observed, while 39.9 were
expected, giving a significantly decreased overall cancer risk (SIR 0.6, 95% CI:
0.4-0.9). In these families, no specific type of cancer was significantly under- or
over-represented.
Several tumors associated with neurofibromatosis 1 and 2, tuberous sclerosis, as
well as Li-Fraumeni and Turcot’s syndromes were also surveyed, but no
elevated risks were observed. Only one case of glioma, in addition to the 55
previously identified familial glioma patients, was found.

2. Histopathology

Histological evaluation of the characteristic features of glial tumors was
performed for 35 familial gliomas (Table 8). Thirty of the tumor specimens
were from patients treated at TaUH, and five specimens were retrieved from
other hospitals. In the case of pilocytic astrocytomas, a comparison of
histological features was performed between seven familial and nine sporadic
cases. No differences were found in the rates of nuclear atypia, mitoses,
endothelial proliferation, necrosis, perivascular lymphocytes, piloid cells,
vascular hyalinization, cystic features, granular bodies, calcification,
oligodendrocytic features, ependymoma-like features, gemistocytes, and giant
cells. This was supported by observations of other familial tumors, since the
histopathological features by tumor subtypes in the 35 familial gliomas follow
the same frequencies as seen in gliomas in general (Table 8).
Proliferation was measured by Ki-67/MIB1 immunohistochemistry. A
comparison between 24 familial gliomas and 79 sporadic controls revealed no
statistically significant differences in the rate of proliferation. Ki-67/MIB1
expression varied from 0 to 44.4% (median 2.7%) in familial tumors and from
0 to 51.4% (median 4.8%) in sporadic controls (p= 0.34).
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TABLE 8. Histopathological characterization of 35 familial gliomas. The table
presents frequencies (%) of histopathological features in different tumor types.

E, ependymoma –like features; EP, endothelial proliferation; GB, granular bodies; GC, giant cells; O,
oligodendrocytic features; PL, perivascular lymphocytes; VH, vascular hyalinization

3. Results on known candidate genes for familial glioma (Studies II,
III and IV)

Sequencing analysis of the p53 gene revealed no germline mutations in 18
glioma families. Neither was the difference in p53 protein expression between
familial gliomas (15% overexpressing) and sporadic controls (13%
overexpressing) significant (p= 0.23).
Immunostaining analysis of NF1GRP, p16 and pRb expression revealed no
significant differences between familial and sporadic gliomas. A positive
expression of the NF1 gene was detected in 66% (19/29) of the familial
gliomas, while the respective number in sporadic controls was 61% (53/87) (p=
0.66). The expression of p16 protein varied from 0 to 80% (median 7%) in
familial tumors and from 0 to 80% (median 10%) in sporadic controls (p=
0.83). In familial gliomas, 0 to 1% of the nuclei stained pRb positive (median
0) and in sporadic controls, 0 to 9% (median 0) (p=0.80).
Similarly, a CGH analysis revealed no differences between 21 familial gliomas
and 209 sporadic counterparts at chromosome loci harboring the p53, NF1, p16
and RB genes. Loss of genetic material at 17p13 (p53) was detected in one
(5%) familial tumor, while 4% of sporadic gliomas reported in previous CGH
literature, showed loss at this locus. At 17q11 (NF1), none of the familial
tumors showed loss (literature 2%), at 9p21 (p16), 29% of familial tumors
revealed loss (literature 37%), and at 13q14 (RB), 10% of familial gliomas
showed loss (literature 15%). Other loci harboring known candidate genes for
familial glioma, such as 22q12 (NF2), 9q34 (TSC1), 16p13 (TSC2), 10q23
(PTEN), 5q21 (APC), 3p21 (hMLH1), and 7p22 (hPSM2), did not show any
differences in the CGH analysis between familial and sporadic gliomas.
Neither did parametric or non-parametric linkage analysis give notable positive
scores at any of these candidate loci. However, exclusion of these chromosome

n atypia mitosis EP necrosis PL piloid VH cystic GB calcification O E gemistocytes GC
pilocytic astrocytoma 7 0 0 29 0 14 100 14 86 57 14 0 14 0 0
astrocytoma gr II 7 100 0 14 0 14 0 0 100 0 14 43 0 43 0
astrocytoma gr III 1 100 100 0 0 100 0 0 100 0 0 0 0 100 0
glioblastoma 10 100 100 90 90 20 40 30 60 10 0 0 0 60 40
oligodendroglioma grII 5 100 40 0 0 20 20 0 40 0 80 100 0 20 0
ependymoma gr I-II 3 0 0 33 33 0 33 33 100 33 0 0 100 0 0
SEGA gr I 1 100 0 0 0 100 100 0 0 0 0 0 0 100 100
ganglioglioma gr I 1 100 0 0 0 100 100 100 100 100 100 0 0 0 0
total 35
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loci was not successful either, since the parametric two-point analysis with
dominant and recessive models yielded only modest LOD scores (all between
-0.5 and 0.5).

4. Identification of novel candidate loci (Studies III and IV)

Two different genome wide scanning approaches were performed to search for
novel candidate loci for the glioma susceptibility gene. A genome scan by the
CGH analysis revealed chromosomal alterations in 19 of the 21 familial
gliomas. The most frequent genetic alterations were losses of 6q, 10, 4q and 9p
and gains of 7, 19, 22q and 1p. Of these alterations, losses on chromosome
arms 4q (p=0.02) and 6q (p=0.005) and gains on 1p (p=0.05) and 22q
(p=0.003) were significantly more common in the 21 familial gliomas than in
their 209 sporadic counterparts. The most frequent losses (9/21 tumors) in the
familial gliomas were seen at 6q14-q16.
The results of the CGH analysis, however, were only modestly supported by
the genome wide linkage analysis. At the four candidate loci identified by the
CGH analysis, the highest score in nonparametric linkage analysis was 1.16 at
6q14. The genome wide linkage analysis revealed four other loci with higher
NPL scores, which were regarded as more important candidate loci for the
glioma susceptibility gene. These four locations were 15q26.2 with NPL score
3.19, 8p21.3 with NPL score 2.28, 1q25 with NPL score 1.25, and 6q27 with
NPL score 1.18. In a re-analysis with a denser marker map at these four loci,
the NPL scores for chromosomes 8 and 15 were clearly increased (2.96 and
3.35, respectively), whereas those for chromosomes 1 and 6 were decreased
(1.23 and 0.77, respectively). The area exceeding NPL score 3 was located at
15q23-q26.3.
To further investigate the four candidate loci found in the linkage analysis,
association was measured by Haplotype Pattern Mining (HPM). While the
linkage analysis was performed only on four families, association was
measured on 15 families. The smallest p values in the HPM analysis were on
6q27 (p=0.0119) and on 15q26.2 (p=0.0154).  Thus, the linkage analysis and
HPM both pointed to the distal end of 15q. Further validation for these results
at 15q was obtained by transmission disequilibrium testing. TDT was
performed on 15 families for the four candidate locations. The strongest
transmission disequilibrium was observed at 15q with marker D15S642, where
allele 8 was transmitted every time from the 12 heterozygous parents. Based on
10,000 iterations, the empirical p value was 0.0009. When the correction was
made for all the four chromosomes re-analyzed, the p value was 0.0062. Under
the most stringent correction of multiple testing for the whole genome, the
corrected p value was 0.03.
The candidate area at 15q23-q26.3 was not among the areas most frequently
altered in the CGH analysis. Fourteen percent (3/21) of the familial gliomas
showed loss in this area, while the corresponding figure in sporadic
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counterparts was 8%. Neither did the results of the CGH analysis clearly give
support to the other three candidate loci found in the linkage analysis. No
aberrations were observed at 8p, loss of chromosomal material at 6q27 was
detected in three familial gliomas (14%), and loss at 1q25 was detected in only
one familial tumor (5%).
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DISCUSSION

The etiology of brain tumors is poorly understood. Although several studies
have investigated environmental exposures in relation to brain tumors, only
therapeutic X-irradiation has been consistently associated with the
development of brain tumors (Brustle 1992; Karlsson et al., 1998; Hardell et
al., 2000). A number of other environmental exposures, such formaldehyde,
lead or electromagnetic radiation, have been suggested to increase the
incidence of brain tumors, but the results have been controversial, or no
confirmatory studies have been performed yet (Stroup et al., 1986; Thomas et
al., 1987a; Thomas et al., 1987b; Simonato et al., 1991; Anttila et al., 1996;
Rothman et al., 1996; Hardell et al., 2000).
The contribution of hereditary factors to the development of brain tumors is
also obscure, except for rare cases associated with known cancer syndromes.
Heritability (magnitude of genetic effect) in the formation of a disease can be
estimated in twin studies. The rarity of twins, however, limits the usability of
this approach. Indeed, in a recent study by Lichtenstein et al. (2000), the files
of the Swedish, Danish, and Finnish twin registries were combined, but only
two pairs of concordant twins for nervous system tumors were identified.
Consequently, the heritability of brain tumors could not be estimated in this
study. A possible way to estimate the involvement of hereditary factors is to
look for heritable gene defects associated with the disease. In the present
study, the possibility that familial occurrence of gliomas could be a sign of
hereditary predisposition was investigated with molecular genetic and
epidemiological approaches.
Although the development of cancer is considered to be a multifactorial
process, in known tumor syndromes, hereditary predisposition is associated
with a monogenic action. In most known hereditary tumor syndromes, the
penetrance of the predisposing gene mutation is high, and, consequently, the
occurrence of cancer is observed in several family members over two or more
successive generations. By contrast, in pedigrees with familial gliomas, the
tumors do not always occur over multiple generations, and in most families,
the number of affected individuals is limited to two or three cases. The
familial occurrence of a rare disease, however, suggests that hereditary factors
may be involved. Unlike in most known hereditary tumor syndromes, the
penetrance of the putative predisposing gene mutation(s) would be low. The
involvement of additional risk factors, genetic or environmental, might also be
included.
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1. Validity of the data

In the present study, 25 families with two or more glioma patients were
identified through questionnaires. The questionnaires were used at the
beginning to identify families with multiple glioma patients, but all the data
for the construction of the pedigrees were retrieved from parish records and/or
the files of the Central Population Register and the Finnish Cancer Registry.
Thus, tracing large pedigrees could be completed, except for one family, in
which a major part of the relatives had emigrated. This family was excluded
from Study I. In the remaining 24 families, 129 members had emigrated, but
no systematic bias for cancer risk estimation was created, because the
emigration had been random.
The relatives of the 24 families studied had 57 cancers identified through the
files of the FCR, but only 15 were reported in the questionnaires (during 1953-
1995). This suggests that questionnaire-based data is not accurate. As the
family history of cancer was confirmed only in those questionnaires where
brain tumors were reported, some familial gliomas among patients treated at
TaUH may have remained unidentified. For this reason, some familial tumors
may be included in the series of sporadic controls. However, this is probably
such a small number that it is not likely to distort comparisons between
familial and ”sporadic” gliomas.
The familial glioma patients were identified among those patients who had
undergone surgery at TaUH during 1983-1994. There is an unrecognized
number of glioma patients who have not undergone surgery during this period
but have otherwise been treated at TaUH. For these patients, as well as for
those 60 patients who did not answer the questionnaires, the family history of
cancer remained unclarified. The impact of these families on the results of this
thesis remains unclear.
Our data suggests that familial glioma patients were younger at the onset of
the disease (median age 32 years) than sporadic patients (median age 43 years)
(Table 7). This is significant, since younger age at onset is regarded as one of
the hallmarks for hereditary cancer. However, this result may be an artefact
caused by questionnaire-based information. Younger patients may have a
better memory or reply more scrupulously to questionnaires.

2. Characterization of familial gliomas

Forty-eight of the familial gliomas were verified histologically and eight were
diagnosed neuroradiologically. Radiological diagnosis was considered
accurate enough, if the course of the disease was in accordance with the
diagnosis.
Tissue samples of primary tumors were available for this study from 35
familial cases. Histopathological features in familial gliomas corresponded to
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those usually seen in gliomas (see Table 8). However, statistical comparison
could only be made between seven familial pilocytic astrocytomas and nine
sporadic cases. The material for statistical comparison was small, but together
with 27 non-pilocytic familial gliomas, it was large enough to bring forth
characteristics of familial gliomas, as viewed by two experienced
neuropathologists. The fact that there were no histological features
characterizing familial gliomas in particular was quite expected. In most
hereditary syndromes, inheritable tumors cannot be distinguished from
sporadic counterparts by histological evaluation.

3. Cancer incidence in families with multiple glioma patients

There are a number of differences between the present study and earlier
epidemiological studies on familial glioma. (1) Unlike most previous studies
that have focused on estimating the risk of familial glioma, Study I focused on
the identification of other cancers associated with familial glioma. In previous
studies, the cancer risk among glioma patients’ relatives has been investigated
using families with at least one glioma patient, while in Study I, only
pedigrees with at least two glioma patients were included. The strategy in
Study I increased the possibility of including families with hereditary
predisposition and decreased the diluting effect of sporadic gliomas, enabling
more sensitive detection of associations between familial glioma and other
cancers. Unlike in earlier studies, the familial risk of glioma was not
estimated. (2) In Study I, the data used for computing the standardized
incidence ratios was completely verified through comprehensive registers. In
most previous epidemiological glioma studies, construction of the pedigrees
has been based on interviews or questionnaires (Choi et al., 1970; Farwell and
Flannery, 1984; Wrensch and Barger, 1990; Gold et al., 1994; Wrensch et al.,
1997; Malmer et al., 1999; Hemminki et al., 2000; Malmer et al., 2001).
Register-based data provides reliable information, since recall bias can be
avoided. Only in two previous studies by Hemminki et al. (2000 and 2001)
have the data been completely register-based, but these studies have examined
parent-offspring sets only. (3) There are only four other epidemiological brain
tumor studies, in which the cancer incidence of the relatives has been
compared to general population instead of using a control group (Malmer et
al., 1999; Hemminki et al., 2000; Malmer et al., 2000; Hemminki et al., 2001).
By these means, any biases caused by the recruitment of the control group can
be avoided.
In Study I, the families were stratified by the age at onset (<20 and ≥20 years)
of the youngest glioma patient in each family. Unexpectedly, in families with
juvenile onset gliomas, a significantly decreased overall cancer risk among the
relatives was observed. No similar association has been reported in earlier
investigations on childhood brain tumors (Farwell and Flannery, 1984; Gold et
al., 1994). Only in the study by Malmer et al. (1999) has a decreased risk of



discussion    51

colon and breast cancer among glioma patients of all ages been observed, but
these results were not confirmed in a subsequent study (Malmer et al., 2000).
Since only twelve families with juvenile onset gliomas were analyzed in Study
I, the results need to be verified in further studies.
In families with adult onset gliomas, significantly increased risks of
meningioma and skin melanoma were observed. Since the number of
pedigrees in the adult onset series was also limited to 12 families, similar
findings by other investigators were required to give support to these results.
The occurrence of meningiomas in glioma families could indicate the presence
of neurofibromatosis type 2, but this was not supported by clinical data
obtained from the hospital records of the familial glioma patients. On the other
hand, previous case reports have described similar families affected with
meningiomas, skin melanomas and gliomas (Kaufman et al., 1993; Azizi et al.,
1995; Bahuau et al., 1997; MIM 155755). Earlier epidemiological studies have
also reported a similar association between brain tumors and skin melanomas.
Hemminki et al. (2001) have reported increased risks of melanoma and
meningioma in the offspring of late-onset brain tumor parents. Similarly,
Salminen et al. (1999) found increased risks of meningioma and skin
melanoma among brain tumor patients as second primary cancers. Thus,
consistent results in the present and earlier studies (Kaufman et al., 1993;
Azizi et al., 1995; Bahuau et al., 1997; Salminen et al., 1999; Hemminki et al.,
2001) suggest that in some cases, familial occurrence of gliomas might be
attributable to a specific glioma-meningioma-melanoma syndrome. However,
since only a minority of the families studied were consistent with the brain
tumor-melanoma syndrome, this syndrome probably presents a rare novelty
among familial glioma patients.
Further evidence of a glioma-meningioma-melanoma syndrome has been
given in earlier molecular genetic studies. Large germline deletions at the
INK4 locus (9p21) have been described in three brain tumor-melanoma
families (Bahuau et al., 1998; Tachibana et al., 2000). However, in our study,
neither p16 protein immunohistochemistry, CGH analysis nor linkage analysis
pointed to this chromosome region. This was quite expected because only a
small proportion of the glioma families in the present study manifested
meningiomas or melanomas. None of the methods used was sensitive enough
to pinpoint mutations at the INK4 locus in single families.
In addition to the 55 index glioma patients, only one glioma was found
through the files of the Finnish Cancer Registry. Thus, the overall frequency
of gliomas was confirmed to be relatively low in these families. This is in
accordance with earlier observations on pedigrees with familial gliomas.
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4. Analysis of candidate genes

4.1 Analysis of p53
The p53 gene is the most frequently investigated candidate gene in familial
gliomas. Some previous investigators have identified germline p53 mutations
in familial glioma pedigrees (Kyritsis et al., 1994; Li et al., 1995; Lübbe et al.,
1995; Saeki et al., 1997; Vital et al., 1998; Tachibana et al., 2000), while others
have failed to certify this (van Meyel et al., 1994; Malmer et al., 2001b).
Because of this controversy, in Study II, 18 familial glioma pedigrees were
investigated for p53 germline mutations, and a profound literature review was
performed.
No germline p53 mutations were found among the 18 glioma families. In
accordance with our results, studies that have systematically investigated
families with gliomas as the major manifestation have not found germline
mutations in their analyses (van Meyel et al., 1994; Malmer et al., 2001b). In
other studies, which have not systematically evaluated pedigrees primarily
affected with familial gliomas, occasional glioma families carrying germline
p53 mutation in the absence of LFS have been identified (Kyritsis et al., 1994;
Li et al., 1995; Lübbe et al., 1995; Saeki et al., 1997; Vital et al., 1998;
Tachibana et al., 2000). Notably, many of those families have also featured
other highly characteristic cancers of LFS, such as adrenocortical carcinomas,
bilateral breast cancers or second primary cancers. These relatively rare tumor
entities in glioma families should promptly alert to an incomplete form of LFS
rather than a distinct glioma predisposition. Thus, germline p53 mutations in
families primarily affected with gliomas seem to be rare.

4.2 Other candidate genes
Immunohistochemistry was used to compare the rate of NF1GRP, p16 and pRb
protein expression in familial and sporadic gliomas. An immunohistochemical
analysis measures the rate of protein expression and, thus, does not directly
evaluate gene mutations. However, often the reason for decreased, or
sometimes increased, protein expression is a mutation in the encoding gene
(Geradts et al., 1996; Kyritsis et al., 1996; Geradts et al., 2000). An
immunohistochemical comparison between age-, tumor histology-, and grade-
matched familial and sporadic gliomas provides a rough estimation of the
frequencies of mutations in the p53, NF1, p16, and RB genes. Equally frequent
protein expression in familial gliomas and in sporadic controls suggests that
these genes are similarly involved in the pathogenesis of both series. Thus,
none of these candidate genes is likely to be a major susceptibility gene in the
case of familial glioma.
CGH also measures genetic changes in tumor tissue. This method is not
suitable for investigating genetic changes in single genes. However, since no
differences between familial and sporadic gliomas were found by CGH at
known candidate gene loci, the chromosome regions nearby and possibly at
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these candidate genes are likely to be similarly involved in the pathogenesis of
familial and sporadic gliomas.
In accordance with these results, parametric and nonparametric linkage
analyses did not reveal high positive signals at known candidate loci. However,
attempts to exclude these loci by parametric linkage analysis were not
successful either, which was probably due to model misspecification.
Altogether, none of these investigations provided evidence of germline
mutations in known candidate genes for familial glioma. Clinical data on the
same pedigrees were in accordance with the molecular genetic findings, and
did not suggest the presence of known tumor syndromes.

5. Genome-wide scanning analyses

5.1 Comparative genomic hybridization
The aim of Study III was to characterize genetic aberrations in familial
gliomas. By using the CGH technique, an overview of genetic changes was
obtained in single hybridization.
From previous CGH investigations, a reference material of 209 primary
sporadic gliomas from nine different studies was collected to compare DNA
copy number changes between familial and sporadic gliomas. The distributions
of tumor types were alike in the familial and sporadic series, and thus no
stratification by histological tumor type was needed. Astrocytomas were the
most common subtype in both series (familial series 80% and sporadic series
90%). By collecting the reference material from previous literature, the benefits
of using a large reference material were achieved. Differences between various
laboratories also decreased, since such a large number of references was used.
The possibility that our method differed from that of other laboratories was
taken into consideration by verifying the most important results by reverse
hybridization.
The percentual frequencies of aberrations for each chromosome arm were
calculated for the 21 primary familial and 209 primary sporadic gliomas
separately. Whenever the difference between the two series was more than
10%, the statistical significance was tested. The effect of multiple comparisons
was taken into account by using the Bonferroni correction. However, with this
relatively small material the corrected p-values were considered too stringent
for an explorative study. Consequently, the results were considered relevant
even before the Bonferroni correction.
The statistical comparison showed that genetic aberrations in familial and
sporadic gliomas were alike, except for chromosome arms 6q, 4q, 1p, and 22q,
which were significantly more often altered in the familial tumors. Loss at the
minimal common region at 6q14-q16 was detected in almost half of the
familial tumors (9/21), while it had been detected in only 16% of sporadic
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controls (33/209). Such a characteristic loss could represent a crucial step in the
tumorigenesis of familial gliomas, and possibly harbor a putative glioma
susceptibility gene. However, further analyses by nonparametric linkage
analysis gave only modest support to the 6q14 locus with a NPL score 1.16.
Thus, it seems likely that this chromosome area does not harbor a susceptibility
gene for familial glioma but rather gene(s) otherwise involved in the
pathogenesis of familial glomas. Since the same genetic area at 6q14-q16 is
often lost in several other types of cancer (Knuutila et al., 1999), this region
may harbor a novel tumor suppressor or DNA repair gene commonly involved
in the pathogenesis of various tumor types.

5.2 Genome scan by linkage analysis
The clinical and epidemiological data on familial glioma suggest the presence
of a low-penetrance gene defect, which is possibly present in the local
population as a founder mutation. This hypothesis was the basis for gene
mapping in Study IV. Earlier molecular genetic study designs for familial
glioma have been hampered by the rarity of the disease, the short survival time
of the affected individuals and the limited number of high-cancer-dense
families. The possibility of finding a local founder effect, however, might
enable gene mapping despite these difficulties. In Study IV, a genome-wide
linkage analysis was performed on a small number of informative families to
identify candidate regions for the glioma susceptibility gene. Thereafter,
association analysis and transmission/disequilibrium testing were applied to the
larger number of smaller families to investigate the presence of a founder effect
in these candidate areas.
Nonparametric linkage analysis of four multiplex pedigrees revealed a
candidate locus for familial glioma at 15q23-q26.3. Haplotype Pattern Mining
and transmission/disequilibrium testing revealed significant
association/transmission distortion in the same genetic area. Consistent results
using these three methods are important for two reasons: 1) the linkage analysis
and HPM/TDT methods mostly involved different families and 2) these
methods utilized different kinds of information present in the data. Concerning
1), all family trios with an affected individual were analyzed by HPM and the
TDT, whereas nonparametric linkage analysis only involved the four families
with adequate affected relative pairs. Concerning 2), the inherent natures of the
three methods largely differ from each other. Linkage measures cosegregation
of alleles or haplotypes with the disease status in extended pedigrees, while
HPM, as an association method, measures population association of haplotypes
to a trait irrespective of linkage. Finally, the TDT measures linkage in the
presence of association; the transmission of a possibly associating allele from
parent to affected offspring is measured trio by trio, and if population
association exists, the test statistic indicates bias from the null hypothesis
transmission probability of 0.5. Thus, the fact that three independent
approaches all point to the same genetic area, gives evidence of true gene
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localization near the telomere at 15q. This gives the first molecular genetic
evidence of familial glioma as a distict hereditary tumor entity.
The CGH analysis of tumor tissue did not reveal frequent alterations at 15q in
familial gliomas. This is probably due to the fact that CGH does not detect
small genetic changes affecting single genes. At its best CGH can detect DNA
copy number alterations affecting regions down to 5-10 megabases in size and
even smaller changes in the case of high-level amplifications (Forozan et al.,
1997). Thus, it is not unusual that the predisposing gene locus remains
undetected by CGH in hereditary tumors, as is the case with BRCA1 mutations
in familial breast cancer (Tirkkonen et al., 1997; Tapper et al., 1998).
Genetic changes in the candidate area at the distal end of 15q have not been
previously associated with sporadic gliomas. However, this area harbors
several genes that could be involved in familial predisposition to gliomas. For
example, the cellular oncogene FES resides at 15q26. The NTRK3 gene at
15q25 encodes a tyrosine kinase receptor, which is responsible for signal
transduction in the neuropoiesis of the central nervous system (McGregor et al.,
1994). Other genes of potential interest are the RECQL3 gene and the
homologous PACE and PACE4 genes at 15q26 (Straughen et al., 1996; Dubois
et al., 1995).

6. Future prospects

The Finns are a unique population as regards genetic homogeneity, which
facilitates genetic investigations, such as linkage analysis. Moreover, because
of the isolated population and the genetic drift to enrichment of some genes,
other gene defects that are common in Finland may not be important elsewhere
(de la Chapelle, 1993). Thus, the results obtained in this study have to be
evaluated separately in other populations.
The candidate region at 15q, as suggested by our study, is currently under
further investigation. If the putative glioma susceptibility gene can be
identified, it will possibly enable subsequent screening of potential mutation
carriers. However, screening of healthy carriers is problematic for several
reasons. Unlike in most other cancers, early diagnosis of glioma has not been
shown to improve the prognosis of the disease. Risks associated with low-
penetrance gene mutations are also so far poorly understood. Moreover, it is
possible to find other genes involved in familial predisposition to gliomas and,
thus, the first gene to be discovered is not necessarily the most important one.
Identification of a putative glioma gene would yield essential information on
the basic molecular biology of the disease. This is important because
knowledge on the molecular genetic changes of carcinogenesis may identify
valuable targets for effective anti-cancer drugs (McLaughlin, 1998; Druker et
al., 2001; Slamon et al., 2001). Thus, at its best, identification of a novel
glioma susceptibility gene could make it possible to intervene with the
malignant transformation of glial cells.
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CONCLUSIONS

1. The familial occurrence of gliomas was observed in 9 percent (30/317) of
glioma patients treated at TaUH during 1983-1994. Information retrieved
from hospital records and the files of the FCR suggest that none of the
familial glioma patients fulfilled the clinical criteria for already known
tumor syndromes. Thus, according to this material, the familial clustering of
gliomas is usually not associated with established tumor syndromes.

2. Cancer risk estimation in pedigrees with familial gliomas revealed
increased risks of meningiomas and skin melanomas among the relatives of
familial glioma patients. In accordance with earlier molecular and
epidemiological studies, this suggests that the familial clustering of central
nervous system tumors and skin melanomas might be attributable to a novel
cancer susceptibility trait. However, the glioma-meningioma-melanoma
syndrome is likely to involve only a small proportion of families with
gliomas.

3. Mutation analysis of the strongest candidate gene, the p53 tumor suppressor
gene, found no mutations in the germline of familial glioma patients.
Similarly, immunostaining of p53, NF1, p16, and RB gene expression
suggested that aberrant expression of these genes was as frequent in familial
as in sporadic gliomas. Thus, none of these candidate genes is likely to
harbor germline mutations among familial glioma patients.

4. Novel candidate loci for potential susceptibility genes were searched for by
using genome-wide scanning methods. Both CGH and association analysis
pointed to chromosome arm 6q. However, the minimal common region
detected by CGH located at 6q14-q16, while the candidate location
suggested by the association analysis resided at 6q27. Although 6q was
found to be an interesting region, the highest score by the genome-wide
linkage analysis was observed at 15q23-q26.3. This location was also
strongly supported by association analysis (HPM) and TDT. Thus, these
results suggest that in a limited study population, the familial clustering of
gliomas is largely attributable to a novel low-penetrance founder mutation
at 15q. However, familial glioma as a distinct hereditary cancer syndrome
still remains to be established till the predisposing gene at 15q23-q26.3 is
identified and its significance in other populations is clarified.
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APPENDIX I
Questionnaire used for this study.

Dear XX XX,
You (or your relative named XX XX) have been treated at Tampere University Hospital for a
brain tumor. We are investigating whether brain tumors can sometimes be hereditary and if
so, could there be other types of tumors associated with them.
We would greatly appreciate it if you would answer this questionnaire inquiring about other
tumors diagnosed in your family. You can also telephone your response. If we find your
family suitable for our study, we shall contact you shortly. Your relatives will not be
contacted without your permission.
Answering the questionnaire is voluntary and it will not affect any treatments given to you or
your relative(s). All the information given in this questionnaire will be strictly confidential.
We would like you to return the questionnaire uncompleted even if there are no other tumor
patients in your family or if you do not wish to enroll in the investigation. We would
appreciate receiving your answer within a month.
Thank you in advance.
 
 
 
Pauli Helén Hannu Haapasalo
Neurosurgeon Neuropathologist
Tel. xxxxxxx
 

 
There are no other tumor patients in my family _______
I do not wish to participate in this study _______

Would you please fill in this Table. We would like to know which other cancers have been
diagnosed in your family. If the exact date of birth or death or onset of the disease is not
known, approximations are equally useful.
Do the patient’s mother and father have shared relatives?_____________
 

 name date of birth date of death which tumor
was diagnosed,
where and
when

place of birth

Patient’s
spouse

     

Patient’s
children

     

Patient’s father      
Patient’s
father’s sisters
and brothers
and their
children

     

Patient’s
father's father

     

Patient’s
father's mother
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 name date of birth date of death which tumor
was diagnosed,
where and
when

place of birth

Patient’s
brothers and
sisters

     

Patient’s
mother

     

Patient’s
mother’s
sisters and
brothers and
their children

     

Patient’s
mother’s father

     

Patient’s
mother’s
mother
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APPENDIX II
The pedigrees are available in the printed version of this thesis.
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