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Germline mutations in cancer causing genes result in high risk of developing cancer throughout life. These cancer predisposition
syndromes (CPS) are especially prevalent in childhood brain tumors and impact both the patient’s and other family members’ sur-
vival. Knowledge of specific CPS may alter the management of the cancer, offer novel targeted therapies which may improve sur-
vival for these patients, and enables early detection of other malignancies. This review focuses on the role of CPS in pediatric high
grade gliomas (PHGG), the deadliest group of childhood brain tumors. Genetic aspects and clinical features are depicted, allowing
clinicians to identify and diagnose these syndromes. Challenges in the management of PHGG in the context of each CPS and the
promise of innovative options of treatment and surveillance guidelines are discussed with the hope of improving outcome for indi-

viduals with these devastating syndromes.
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INTRODUCTION

Brain tumors are the most common solid tumors during
childhood. In adults, mutations which are observed in most

"9 In contrast, a large

tumors are caused by external insults
subset of mutations in pediatric brain tumors will originate in
the germline as part of cancer predisposition syndrome (CPS).
According to Knudson’s “two hit” hypothesis, the germline
mutation results in a first hit, allowing for a higher chance of a
single somatic “second” hit to cause cancer. While this model
may not explain the genetic etiology of all heritable cancers, it
has been a guiding principle for cancer susceptibility and

pathogenesis”.
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At least 10% of children with cancer are primarily affected
by a CPS**""". However, newer estimates are much higher”*”.
Recognition of a CPS is crucial for patients and their family
members. Specific germline mutations confer different risk for
tumor response and survival as well as offer mutational de-
rived therapies. Moreover, once discovered, surveying patients
with CPS enables early detection and has proven to improve
survival®""”.

Specific brain tumor types are associated with higher preva-
lence of germline mutations. Atypical teratoid/rhabdoid tu-
mors during early childhood carries up to 35% risk of belong-
ing to the Rhabdoid predisposition syndrome, caused by
germline SMRCBI or rarely SMARCA4 mutations™. On the
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other hand, each CPS has a unique group of brain tumors
which are specific to the germline mutation. For example, pa-
tients with Gorlin syndrome harbor an increased risk for early
onset sonic hedgehog medulloblastoma (MBgy;;). These MBg;;
confer better survival than other medulloblastoma at this age.
Pediatric high grade gliomas (PHGG) are the deadliest group
of childhood brain tumors. In this review, we will focus on
PHGG and describe three of the more prominent syndromes
in these cancers—Li Fraumeni syndrome (LFS), constitutional
mismatch repair deficiency and neurofibromatosis 1. Table 1

summarizes the major features of those three CPS.

LI FRAUMENI SYNDROME

LES is an autosomal dominant CPS and one of the hallmarks
of such syndromes in children and adults. LES is characterized
by high frequency of malignancies in multiple organs and lack
of other clinical features’”. Estimates of prevalence are 1 in
500020000 individuals™®”, though recently it was suggested
to be an underestimation”.

LFS has classical clinical criteria (Table 2). However, follow-

ing the identification of germline mutations in the 7P53 as the

syndrome’s etiology’”, more cases that were not fitting the clas-
sical LES criteria were found™"”. Hence, the clinical criteria
have been revised several times, to the recent more compre-
hensive “revised Chompret criteria”®'*”. These criteria are
therefore merely a guidance for individuals who should be re-
ferred for a genetic diagnosis, though not all of the families
fitting the clinical criteria harbor detectable germline p53 mu-

. 34,69,70,78,
tations ).

Cancer spectrum

The penetrance of cancer is high, yet it is highly variable. The
lifetime risk of developing at least one cancer is approximately
75% in men and 93-100% in women, and up to 41% of chil-
dren will have cancer by age 18 years'"®.

The cancer spectrum is vast and includes sarcomas, pre-
menopausal breast cancer, adrenocortical carcinoma (ACC),
brain tumors, hematologic malignancies and others. Brain tu-
mors are the second most common malignancies in children
with LFS following ACC, as 26% of childhood tumors are in
the central nervous system (CNS), while only 13% of adult tu-
mors in LFS are in this location'**”. The median age of onset
of brain tumors in LFS is 16 years™”, compared to 57 years in

the general population.

Table 1. Major features of selected cancer predisposition syndromes associated with PHGG*

Syndrome History Physical exam Other neoplasms Treatment implications
LFS Multiple cases of cancer No specific features Sarcomas Probable increased risk of
in the family Premenopausal breast cancer second malignancies in
Adrenocortical carcinoma the radiation field
Choroid plexus carcinoma
MBgy,
Hematologic malignancies
Others
CMMRD Consanguinity Café-au-lait macules T lymphoblastic lymphoma Resistance to temozolomide

Lynch syndrome in the family
Sibling with childhood cancer
Multiple cancers

NF-1 First-degree relative with NF1  Café-au-lait macules
Learning disabilities and other

neurocognitive deficits plexiform)

Freckling (axillary/ inguinal)

Lisch nodules

Refer to text for additional features

Refer to table 4 for additional features

Neurofibromas (cutaneous and

Colorectal carcinoma/ adenoma
Others

and some alkylators
Potential therapeutic effect
of immune checkpoint
inhibitors for hypermutant
tumors

Optic glioma and other LGG HGG- same as sporadic

MPNST LGG- observation when
Rhabdomyosarcoma appropriate increased
JMML and other leukemias radiation related A/E
Others MEK inhibitors and other

investigational therapies

*Possible features. Refer to text/specific tables for criteria. PHGG : pediatric high grade glioma, LFS : Li Fraumeni syndrome, MB.,, : Sonic Hedgehog
medulloblastoma, CMMRD : constitutional mismatch repair deficiency, NF-1 : neurofibromatosis type 1, MPNST : malignant peripheral nerve sheath tumor,
JMML : juvenile myelomonocytic leukemia, LGG : low grade glioma, A/E : adverse effects, MEK: MAPK/ERK kinase
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Table 2. Diagnostic clinical criteria of Li Fraumeni syndrome (LFS)

Classical Li Fraumeni Criteria“ (all obligatory) :

1. Proband diagnosed with sarcoma before 45 years of age, and

2. A first-degree relative with cancer before 45 years of age, and

3. Another first- or second-degree relative with any cancer diagnosed under 45 years of age or with sarcoma at any age
2015 version of Chompert Criteria™ (only one obligatory) :

1. Familial presentation : proband with tumor belonging to LFS tumor spectrum (e.g., premenopausal breast cancer, soft tissue sarcoma, osteosarcoma,
CNS tumor, adrenocortical carcinoma) before age 46 years, AND at least one first or second-degree relative with LFS tumor (except breast cancer if
proband has breast cancer) before age 56 years or with multiple tumors

2. Multiple primitive tumors : proband with multiple tumors (except multiple breast tumors), two of which belong to LFS tumor spectrum and first of
which occurred before age 46 years

3. Rare tumors : patient with adrenocortical carcinoma, choroid plexus tumor, or rhabdomyosarcoma of embryonal anaplastic subtype, irrespective of

family history

4. Early-onset breast cancer : breast cancer before age 31 years

CNS : central nervous system

While malignant gliomas are the most common brain tu-
mor in LFS, they tend to occur during late childhood and adult-
hood. In the younger age group, choroid plexus carcinomas
(CPC) and Sonic MBg;;; are more prominent(’&. The prevalence
of LFS among patients with CPC is extremely high : 36-50%
of patients with this tumor harbor TP53 germline mutation™.
CPC is considered an LFS-defining tumor which obligates ge-
netic testing to every patient with the tumor, regardless of fam-
ily history'*”. Similarly, half of children with SHH/TP53-mutat-
ed medulloblastomas harbor germline mutations in TP53",
and should be referred to genetic counselling as well. Tumors
of astrocytic origin in the context of LFS include mostly high

grade gliomas but lower grade gliomas have been observed'*'”.

Biological considerations

TP53 is a tumor suppressor gene. The protein it encodes (p53)
upregulates the transcription of target genes involved in cell
cycle arrest, DNA repair, apoptosis and senescence, in response
to DNA damage". The TP53 gene is located on chromosome
17p13 and more than 250 different germline alterations of it
have been reported. While the genotypic : phenotypic correla-
tions are not fully understood, most mutations in brain tumors
reside within the DNA binding domain’

to cluster in certain families with LFS, possibly due to addi-

. Brain tumors seem

tional modifying genes™. Somatic inactivation of TP53 remains
one of the most frequent genetic change identified in human
cancer™” including childhood glioblastoma’.

The biology of the glioma itself in individuals with LES may
differ. Watanabe et al."” reported a rare type of IDHI (R132C) in

LFS gliomas. Since IDH1 mutations are common in secondary
glioblastomas of young adults which progress from lower-grade

21,82)

tumors™ ", these observations may be important for the man-

agement of these patients.
Clinical implications

Diagnosis

Histologically, CNS tumors associated with TP53 mutations
are identical to their sporadic counterparts. Since TP53 muta-
tions exist in up to 50% of PHGG, positive tumoral immunos-
tain or even somatic mutation in TP53 does not correlate with
germline mutations. Since LFS is a highly penetrant syndrome,
clinical-familial diagnostic criteria are the main indication to
search for the presence of TP53 germline mutation, which is

.. . + 34,94,104
sufficient for diagnosis .

Management

TP53 mutations were proven to be a negative prognostic fac-
tor in several tumor types, including CPC"™”, MB"""”, and
PHGG"™*. Therefore, with current treatment approaches, late
detection of LFS gliomas when these are already PHGG may
not be sufficient for curative intent. Since transformation of
lower grade gliomas to PHGG have been reported™'”” (Fig. 1),
early detection and resection of a low grade lesion may offer im-
proved survival for LFS individuals.

Villani et al.”” demonstrated a survival advantage in patients
with LES undergoing intense tumor surveillance. Forty tumors

were detected in 19 of 59 patients on surveillance, including
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Fig. 1. Transformation of a low grade to high grade glioma in a patient with Li Fraumeni. A low grade glioma was diagnosed in a known LFS patient (A). Three
years following the initial diagnosis, a sudden dramatic growth was observed (B). Biopsy confirmed the diagnosis of anaplastic astrocytoma (WHO grade Ill). LFS :

Li Fraumeni syndrome, WHO : World Health Organization.

gliomas that were detected with brain magnetic resonance im-
aging (MRI). Furthermore, 25 of 40 tumors found on the sur-
veillance protocol were low grade or premalignant at the time
of detection, suggesting that early detection through surveil-
lance may identify lesions before malignant transformation.
Five-year overall survival was 88.8% versus 59.6% in individu-
als not undergoing surveillance. Other studies have recently
confirmed improved clinical outcomes for TP53 mutation

10,14,92 .
. Complete resection of

carriers with intensive screening
lower grade gliomas from LEFS patients (Fig. 2) may improve
survival by prevention of the transformation to PHGG.

Table 3 summarizes consensus recommendations made by
an international expert group concerning surveillance of LES”.
The lifelong brain tumor risk justifies dedicated annual brain
MRI. Annual whole body MRI that is recommended for solid
tumor surveillance, cannot replace dedicated CNS imaging,
as was proven by a recent meta-analysis'”, and ideally should

alternate with the brain MRI every 6 months.

Treatment
Currently, there are no TP53 specific therapies and the progno-
sis for LES-associated HGG remains poor'*”. Since p53 plays a key

322 https://doi.org/10.3340/jkns.2018.0031

role in response to DNA damage, the risk of secondary malig-
nancies including PHGG post genotoxic damage from chemo-
radiation is high. Increased risk of therapy associated secondary
malignancies in the radiation field was reported in number of

16,42,44,63,65,96,
) However, currently, taken

cohorts and case reports
the challenges of treating PHGG, there are no successful alterna-

tive treatment strategies for cancer in the context of LES.

CONSTITUTIONAL MISMATCH REPAIR DEFI-
CIENCY (CMMRD)

CMMRD is a childhood cancer syndrome caused by bial-
lelic mutations in the mismatch repair pathway'”. Monoallelic
mutations in MMR genes results in a CPS termed Lynch syn-
drome. This autosomal dominant syndrome presents with pri-
marily gastrointestinal and genitourinary malignancies in mid
to late adulthood. In contrast, biallelic mutations in the MMR
genes causes complete loss of MMR ability in all cells resulting
in CMMRD, an autosomal recessive syndrome with vast spec-
trum of malignancies and grave prognosis during childhood.

Previously, CMMRD was also termed as brain tumor-polyp-
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osis syndrome-1, biallelic MMRD (BMMRD), or Turcot syn- Turcot type 2 (familial adenomatosis polyposis, FAP) which is

drome type 1. It is important to differentiate CMMRD from an autosomal dominant syndrome caused by germline muta-

Fig. 2. Surveillance imaging reveals asymptomatic glioma in a Li Fraumeni patient. A routine surveillance imaging in an LFS patient reveals an intra-axial lesion
within the inferior left frontal lobe. The lesion was fully resected, and the pathology revealed diffuse astrocytoma, WHO stage Il. LFS : Li Fraumeni syndrome, WHO :
World Health Organization.

Table 3. Recommended surveillance for brain tumors in selected CPS in the pediatric population (<18 years)*

Surveillance for other
tumors Comments
(age to start in years)

Other tests for

Brain MRI frequency Age forimaging brain lesions

LFS Annually Start at diagnosis : Baseline  Physical neurological Annual WBMRI Annual WBMRI may
with GBCA, follow up examination q3—4 US (abdomen - pelvis) alternate with
without GBCA unless months g3—4 months annual brain MRI
abnormality is seen Endocrine function (g6 months) in
g3—4 months non-anesthetised
(all start from diagnosis)  children
CMMRD g6 months Start at diagnosis, Repeated neurological WBMRI annually (6 years)  Brain US and WBMRI - less
including infants examination CBC g6 months (1 year) sensitive for brain lesions
Abdominal US g6 months
(1 year)
Annual endoscopy
(6 years)
NF1 LGG- only if symptomatic  NA Ophthalmology q6—12 Dedicated physical
No imaging surveillance months (birth to 8 years)  examination
for HGG Annual history and

physical exam including
pubertal development

*For full surveillance guideline of these syndromes and others, please visit the site (http://clincancerres.aacrjournals.org/content/23/11), in case of positive
findings continue as appropriate. CPS : cancer predisposition syndromes, MRI : magnetic resonance imaging, LFS : Li Fraumeni syndrome, GBCA :
gadolinium based contrast agent, WBMRI : whole body MRI, US : ultrasound, CMMRD : constitutional mismatch repair deficiency, CBC : complete blood
count, NF1 : neurofibromatosis type 1, LGG : low grade gliomas, HGG : high grade gliomas, NA: not applicable
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tions in the adenomatous polyposis coli (APC) gene. FAP has
similar characteristics of numerous colonic adenomas and pro-
gression to colorectal carcinoma. However, brain tumors are
rare and are almost exclusively related to medulloblastoma
during childhood and rarely astrocytoma, ependymoma, and

pinealoblastoma'"”.

Biological considerations

The mismatch repair system is one of the major DNA repair
pathways in humans and is composed of several genes includ-
ing MSH2, MSH6, MLH1, and PMS2'"?. Its primary function
is to correct errors that arise during DNA replication. Hence,
mutations in MMR genes lead to accumulation of somatic mu-
tations in each cell division and can lead to hypermutant can-
cer. The two major types of mutations resulting from lack of
MMR are point mutations (single nucleotide variations) and
microsatellite instability (MSI) in which mutations repetitive
sequences (microsatellites) are not adequately repaired.

Recently, other components of the replication repair ma-
chinery have been reported to be associate with similar clinical
and biological presentation and cancer hypermutations. These
included mutations in MSH3", deletions of the EPCAM gene,
located just upstream of MSH2" and mutations in DNA poly-
merases epsilon and delta 1 (POLE, POLD1)*"”.

Since most mutations in the MMR genes result in lack of pro-

tein expression, there is no clear genotype phenotype correla-

tion. However, in contrast to Lynch syndrome where MSH2
and MLHI are the most common genes affected, PMS2 muta-
tions are most frequent in CMMRD, followed by MSH6'”.

Clinical implications

CMMRD patients frequently present with physical features,
the most common being café au lait spots or other hyper- and
hypopigmented skin alterations. Not infrequently they are mis-
diagnosed as NF1. Other features diagnostic for NF1 may be
apparent as well but are far less frequent, including neurofibro-

113,114,

mas, freckling, Lisch nodules and others'*""”. Other physical
finding that can sometime be found in CMMRD are venous
anomalies, pilomatricomas (benign skin lesions), agenesis of the
corpus callosum”, and decreased levels of immunoglobulins
IgG2/4 and IgA"”. As it is an autosomal recessive syndrome, con-
sanguinity is a common feature, however none of these clinical
and familial features is obligatory™'"”.

Penetrance is extremely high reaching more than 90% at age
20, hence almost all patients will have cancer as children. In
fact, since mutations are so abundant in the setting of deficient
corrective mechanisms, most individuals will have more than
one tumor, which can occur metachronously or synchronously
(Fig. 3).

PHGG constitute the most prevalent brain tumors in patients
with MMR mutations, although medulloblastoma, supraten-

torial primitive neuroectodermal tumors and low grade glio-

Fig. 3. Bifocal glioblastoma in a CMMRD patient. Two separate lesions uncovered in an infant with CMMRD. Molecular and genetic analysis confirmed two differ-
ent glioblastomas and not metastatic disease. CMMRD : constitutional mismatch repair deficiency.
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mas have also been reported. Median age at diagnosis of brain
is 9—10.3 years, nevertheless they were observed since infan-
cy” "™ Other malignancies include hematological malignan-
cies (mainly T-lymphoblastic lymphoma), early onset of

colorectal cancers and virtually every organ can be affected.

Diagnosis

CMMRD should be suspected in children and adolescents
with PHGG (or other malignancy) that have café au-lait mac-
ules, a history of Lynch syndrome in the family, or a sibling
with childhood cancer. However, other features can occur as
mentioned and thus high index of suspicion is required”**"*”.
Since PHGG are uncommon in neurofibromatosis-1 (NF-1),
every child with “known” NF1 and a malignant tumor including
PHGG during childhood should be investigated for CMMRD.
Immunohistochemistry showing loss of one of the MMR pro-
teins in both malignant and normal cells in the biopsy specimen
is both sensitive and specific method for detection of CMMRD.
This assay is available in most pathology laboratories as part of
the routine workup of colon cancers in adults”. It will also guide

target-gene mutation analysis for the corresponding mutated

PHGG in the Context of CPS | Michaeli O, et al.

gene. However, some missense mutations will result in retained
staining of the protein, hence a positive stain does not preclude
a diagnosis of CMMRD®”. In contrast, MSI which is extremely
useful tool in Lynch syndrome cancers, is not high in CMMRD
cancers and especially in PHGG. This tool therefore, should not
be used as it can cause false negative testing and mismanage-
ment of patients and tumors.

High tumor mutational burden, which is rare in childhood can-
cers, has been described to be extremely specific to CMMRD™”.
This vast numbers of mutations form a “signature” that is deep-
ly engraved on the genome. In a recent study, this characteristic
has been validated, as hypermutant childhood cancers were al-
most invariantly caused by replication repair deficiency and
mutational burden and their signatures could be traced to the
germline'”. Finding of such hyper mutant primary tumor
should therefore be followed by testing for CMMRD.

The final confirmation of the diagnosis of CMMRD should
come from the determination of the causative biallelic muta-
tions of the patient. However, mutation analysis is frequently
difficult in case of PMS2 due to pseudogenes and variance of

unknown significance in others. Therefore, a combination of

Table 4. Diagnostic criteria that should raise the suspicion of CMMRD syndrome in a cancer patient* (>3 points needed)

Malignancies/premalignancies : one is mandatory; if more than one is present in the patient, add the points

Carcinoma from the Lynch syndrome spectrum’ at age <25 years

Multiple bowel adenomas at age <25 years and absence of APC/MUTYH mutation (s) or a single high-grade dysplasia adenoma at age

<25 years
WHO grade lll or IV glioma at age <25 years
NHL of T-cell lineage or SPNET at age <18 years

Any malignancy at age <18 years

3 points
3 points

2 points
2 points
1 point

Additional features : optional; if more than one of the following is present, add the points

Clinical sign of NF1 and/or >2 hyperpigmented and/or hypopigmented skin alterations @>1 cm in the patient

Diagnosis of LS in a first-degree or second-degree relative

Carcinoma from LS spectrum’ before the age of 60 in first-degree, second-degree, and third-degree relative

A sibling with carcinoma from the LS spectrum’, high-grade glioma, SPNET or NHL

A sibling with any type of childhood malignancy
Multiple pilomatricomas in the patient

One pilomatricoma in the patient

Agenesis of the corpus callosum or non-therapy-induced cavernoma in the patient

Consanguineous parents

Deficiency/reduced levels of IgG2/4 and/or IgA

2 points
2 points
1 point
2 points
1 point
2 points
1 point
1 point
1 point
1 point

*Adapted from the recommendations of the European consortium ‘Care for CMMRD™. "Colorectal, endometrial, small bowel, ureter, renal pelvis,
biliary tract, stomach, bladder carcinoma. CMMRD : constitutional mismatch repair deficiency, WHO : World Health Organization, NHL : non-Hodgkin's
lymphomas, SPNET : supratentorial primitive neuroectodermal tumours, NF1 : neurofibromatosis type 1, LS : Lynch syndrome
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clinical parameters (Table 4) and the above functional assays

may be required.

Management

Once diagnosed, surveillance is crucial, as most children
with CMMRD will be affected with cancer. A consensus sur-
veillance protocol was established and published by the Amer-
ican Academy of Cancer Research"” and other groups™, and
it's summery is depicted in Table 3. Since CNS tumors are ob-
served from infancy, imaging is recommended as soon as the
diagnosis is done, and should be done every 6 months. MRI is
the gold standard and ultrasonographic assessment cannot re-

place it, even in the setting of open fontanelle.

Treatment

There is currently no evidence of extensive toxicity of chemo-
radiation in CMMRD patients™”. In contrast to other DNA dam-
age repair deficiencies, repair of external insults is maintained
as MMR is responsible for mistakes which occur during repli-
cation only. However, there is known tumor resistance to sev-
eral common chemotherapeutic agents which require adequate
mismatch repair to exert their tumor damage. These include Te-
mozolomide, which is vastly used for PHGG treatment™.

Tumors with high mutational load have increased formation
of neo-antigen, which may serve as targets for the immune sys-
tem™ "™, This observation proved to be clinically significant in
CMMRD PHGG as immune checkpoint inhibition was shown
to have significant effect in prolonging survival for two patients
with CMMRD recurrent glioblastoma'. It also held true in a
patient with hypermutant glioblastoma multiforme (GBM) and
POLE germline®”, and in non-CNS cancers™***”. Recently the
Food and Drug Administration (FDA) approved the PD-1 in-
hibitor pembrolizumab for the treatment of mismatch-repair—

. 62
deficient cancers®

. These approaches and in combinations
with others offer hope for patients with CMMRD PHGG and

active pursue of international clinical trial is recommended.

NEUROFIBROMATOSIS TYPE 1 (NF1)

NF1 (von Recklinghausen disease) is the most common CPS,
with an incidence of 1 : 2000—1 : 5000. As most CPS it is autoso-
mal dominant, however the occurrence of cancers is only a part

of this clinical syndrome. Approximately half of the cases occur

326 https://doi.org/10.3340/jkns.2018.0031

de novo with no familial history”. The clinical diagnosis re-
quires the fulfilment of at least two of the criteria (Table 5),
however there are other possible manifestations, including mac-
rocephaly, learning disabilities, vasculopathies, scoliosis among
others. Penetrance is complete with some degree of clinical

. . . . .. . .48
manifestations in every individual harboring a mutation™.

Biological considerations

NFI1 gene is a tumor suppressor gene located on chromo-
some 17q11.2. It encodes the protein Neurofibromin, a GTPase-
activating protein (GAPs) that inhibits the RAS oncogene by
transforming GTP-RAS to GDP-RAS. RAS is an important ac-
tivator of various signaling pathways, including the MAPK
(RAF-MEK-ERK) and the PI3K/AKT/mTOR pathways™. As a
consequence, a malfunction of its inhibitor results in increased
proliferation and tumorigenesis. Importantly, since inhibitors
exist for both pathways, NF1 mutations may be targetable for
therapy.

Clinical implications

Most NF1 tumors are of benign nature. However, NF1 pa-
tients are at risk for malignant tumors including peripheral nerve
sheath tumors (MPNST), PHGG and juvenile myelomonocytic
leukemia (JMML) among others*. As for NF1 gliomas, these
should be differentiated from foci of abnormal signal intensity
(FASI), also termed UBOs (unidentified bright objects). These
multiple, non-enhancing, small areas without mass effect or
edema are benign, and are found in 70% of NF1 pediatric cases™.

The most common CNS neoplasia in NF1 is optic pathway
glioma (OPQG), that tend to arise in infancy and affect approxi-
mately 15-20% of individuals with NF1”. These OPGs are usu-

ally pilocytic or pilomyxoid astrocytomas. They can involve all

Table 5. NF1 clinical criteria

Six or more café-au-lait macules >5 mm in diameter in prepubertal
and >15 mm in diameter in postpubertal individuals

Two or more neurofibromas of any type or one plexiform neurofibroma
Freckling in the axillary or inguinal regions

Optic glioma

Two or more Lisch nodules (iris hamartomas)

A distinctive bony lesion, such as sphenoid dysplasia or thickening of
the long bone cortex with or without pseudoarthrosis

Afirst-degree relative with NF1 based upon the above criteria

NF1 : neurofibromatosis type 1



parts of the optic tract; however, bilateral involvement of the
optic nerves is highly suggestive of NF1*”.

The rate of higher grade brain malignancies in NF1 is much
lower. However, as shown in Fig. 4, this entity should not be un-
derestimated”™”*""”. Molecularly, NF1-PHGG share the same
molecular abnormalities as non-syndromic patients, including
secondary TP53 mutations and CDKN2A/pl6 deletions™. Sim-
ilarly, NF1 is one of the most frequently mutated somatic genes
in sporadic glioblastoma™**'*”. It is still unclear whether NF1-
PHGG are secondary gliomas arising from low grade lesions or

46,102)

can be primary PHGG

Diagnosis

Although NF1 is traditionally diagnosed clinically, most of
the features develop gradually and do not necessarily appear
in the first months of life. Furthermore, other conditions with
NF1 stigmata are known and include Legius syndrome and
other RASopathies. Importantly, CMMRD (see above) can
mimic NF-1 and the current expert consensus state that in the
case of high-grade tumors including PHGG in a child with NF1,
a genetic testing should be performed™. Genetic testing is there-

by currently the standard of care. It is indicated for familial rea-

PHGG in the Context of CPS | Michaeli O, et al.

sons, as well as for insuring correct NF1 diagnosis.

Management

Although the rate of optic gliomas is high, the role of surveil-
lance neuroimaging in asymptomatic children with NF1 is still
controversial 7™ Furthermore, since PHGG is uncom-
mon in NF], surveillance by imaging cannot be recommend-
ed™*. Close monitoring with repeated ophthalmologic ex-
aminations and physical examination is the standard of care,
and should include neurological examination and signs of en-
docrine malfunction®”"**** (Table 3). Families should be in-
formed about the clinical warning signs of brain tumors and

any evolving signs or symptoms should prompt investigations.

Treatment

In the case of imaging progression in conjunction with symp-
toms, medical therapy is often the modality of choice for low
grade gliomas. Radiotherapy is not recommended due to nu-
merous reports of complications specifically in the NF1 popu-
lation. These sequela includes secondary malignancies and vas-

37,75,89,

cular complications, namely stroke”>*”. Radiation as the cause

of malignant transformation was emphasised in a study by

Fig. 4. Malignant glioma in a NF-1 patient. Rapidly growing thalamic lesion in a patient with NF-1 exhibiting significant mass effect and edema. Pathology con-

firmed PHGG. NF-1 : neurofibromatosis-1, PHGG : pediatric high grade gliomas.
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Sharif et al.””, where the relative risk for developing a second-
ary malignancy was 3.04 in NF1 patients treated by radiothera-
py, compared with NF1 patients who did not receive radiation.

The treatment of NF1 PHGG is similar to sporadic cases. Al-
though some indications exist that prognosis may be better
than sporadic PHGG and prolonged disease is commonly re-
ported, cure is not common " 0FH103100)

MEK inhibitors, which have shown success in NFI patients
with low grade glioma'”, may offer improved outcome either

alone or in combination with other therapies for NF1-PHGG.

OTHER CANCER PREDISPOSITION SYNDROMES

Other syndromes have been also associated less commonly
with malignant gliomas. It is important to distinguish case re-
ports from real increased risk for PHGG. Such CPS where there

28,33
) tuberous

. 87 . - 85 . < 23)
sclerosis”, multiple enchondromatosis®, Fanconi anemia™”,

is no current data of increased risk include BRCA

Beckwith Widemann syndrome and more'”. Adult syndromes
can cause HGG but are rare in childhood. Familial melanoma
astrocytoma is a CPS caused by inactivating germline alteration
of the CDKN2A tumor suppressor gene. Individuals can devel-
op both melanomas and astrocytomas (predominantly GBM),
and occasionally other nervous-system neoplasms including
peripheral nerve sheath tumors and meningiomas™"*”.

All of the aforementioned are cancer predisposition syn-
dromes with a known single locus etiology. However, there are
numerous cases in which we encounter a patient with a rich fa-
milial history, but none of the known germline mutations are
found. Moreover, studies have shown families with an aggrega-
tion of gliomas, with up to a three-fold increased risk of glioma
among close relatives™. A large study that included 5088 rela-
tives of 639 probands diagnosed with a glioma under age 65
years, showed that such “familial glioma” are probably a result
of multigenic action, and may involve unknown environmen-
tal exposures”. GLIOGENE is an international consortium which
was formed in order to collect such non-syndromic glioma fam-
ilies, and identify new important genomic loci. Linkage studies
have suggested linkage on chromosome 17q"*”” but it is yet to
be determined whether there is a clear disease causing mecha-
nism. Exome sequencing of families in this consortium identi-
fied protection of telomerase protein 1 (POT1), which has also

been implicated in melanomas, as potential glioma causing

328 https://doi.org/10.3340/jkns.2018.0031

gene”. All of these may not cause or be associated with in-

creased risk of PHGG and be more relevant to adults.

SUMMARY AND RECOMMENDATIONS

This review outlined the important role of several CPS in
PHGG. Knowledge of specific CPS may alter the management
of the cancer, avoid unnecessary treatment and offer novel tar-
geted therapies which may improve survival for these patients.
Furthermore, recognition of CPS may affect survival for other
family members of children affected by PHGG.

As a result, when encountered with a PHGG, the physician
should consider the possibility of CPS. Features of LFS, CMMRD
and NF1 as mentioned above should raise a suspicion. Howev-
er, even if their absence, other “universal criteria” are suggestive
of a CPS™. These include any child with more than one prima-
ry tumor, a known CPS, or cancers in young family members,
and should prompt referral to genetic testing.

If any of the above indications exist for suspecting a CPS, ge-
netic counselling must be offered to the patient and their par-
ents prior to performing mutation analysis. Psychological sup-
port should be offered, as identifying CPS has important
implications not only to the proband but to his whole family,
which needs to be genetically consulted as well.

Finally, consulting experts in the field of CPS can improve
the management of the patient with CPS related PHGG and
guide implementation of surveillance, preventive and potential
therapies for other family members. In an era of precision med-
icine, molecular based therapies must be conjoined with thor-
ough understanding of genetic causes of cancers, especially in
children affected by PHGG.
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