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Abstract

Over recent years significant molecular advances have led to a better understanding of the genetics of both syndromic and non-

syndromic paediatric cancers. In addition many hereditary cancer predisposition syndromes are now recognised, some of which have

implications for children in affected families. Improvements in gene mutation screening will increase the sensitivity, accuracy and

therefore the applicability of genetic testing in these conditions. This review will deal with four main areas pertaining to paediatric

cancer genetics (i) genetic aspects of some non-syndromic paediatric cancers (ii) paediatric cancer predisposition syndromes, (iii) the

management of children in families with predominantly adult- onset cancer predisposition syndromes and (iv) special ethical, legal,

social and psychological considerations in the management of children, with actual or possible genetic cancer predisposition.

Current concepts and controversies in the rapidly changing field of paediatric cancer genetics will be examined in detail and the

application of existing guidelines and their limitations will be discussed.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The identification and clinical management of families

with an inherited predisposition to cancer (‘cancer fam-

ilies’) is a good example of how advances in genetics have
led to practical applications of direct benefit to individual

patients. Over the last two decades, the identified number

of cancer-predisposing genes has greatly increased. As a

result, new health service demands have been created and

‘cancer genetics’ has evolved into a medical subspecialty

which facilitates the timely transfer of genetic advances

from the laboratory to the clinical setting (‘translational

research’). Until now, cancer genetics services have
concentrated on advising adults from families with a

genetic predisposition to common adult-onset cancers

such as breast and bowel cancer. However, a growing

need has now been identified for the planned manage-

ment of children who may, similarly, have an inherited

predisposition to cancer. In this ‘Update’, we aim to

cover some of the relevant issues that arise in paediatric

oncology. We deal with four main areas; (i) genetic as-
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pects of some ‘non-syndromic’ paediatric cancers, (ii)

paediatric cancer predisposition syndromes, (iii) the

management of children in families with predominantly

adult- onset cancer predisposition syndromes and (iv)

special ethical, legal, social and psychological consider-
ations in the management of children, with actual or

possible genetic cancer predisposition.
2. Non-syndromic paediatric cancers

2.1. Wilms’ tumour

Wilms’ tumour (WT) of the kidney affects 1 in 10 000

children and accounts for 6–7% of all childhood cancers.

The peak age of incidence is in the third and fourth

years. It is usually sporadic; less than 1% of cases are
familial and 2% occur in specific congenital malforma-

tion syndromes (Table 1). Linkage studies located one

gene for Familial Wilms’ tumour, FWT1, to chromo-

some 17p [1] and other ‘familial’ loci have also been

identified [2]. However, the major gene implicated in

WT is WT1, which is somatically mutated in 5–10% of

sporadic cases (in the tumour cells) although not in the
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Table 1

Genes associated with Wilms’ tumour (WT) predisposition

Name Risk of Wilms’ tumour (%) Clinical features Gene(s) involved

Syndromic

Wilms’ Tumour-Aniridia-Genito

urinary Anomalies-Mental

Retardation Syndrome (WAGR)

syndrome

30–50 Aniridia, genitourinary

abnormalities, mental

retardation

Deletion of WT1 (Wilms’

tumours) and PAX6

(aniridia) from 11p13

Beckwith Wiedemann syndrome <10 Exomphalos, macroglossia,

hyperinsulinism,

hemihypertrophy

Possibly more than one gene at

11p15 inactivated by mutations or

imprinting abnormalities

Denys Drash syndrome 30–50 Diffuse mesangial

sclerosis, ambiguous

genitalia

WT1 missense mutations

Isolated hemihypertrophy <2 Hemihypertrophy

Familial WT 15–30 <1 of all WT cases FWT1 17p, FTW2 19q13+others

Non-syndromic

WT1 5–10 of sporadic WT cases WT1
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germ-line. The molecular basis of the associated con-

genital malformation syndromes is summarised in

Table 1.

The currently recommended screening method for

children who have syndromes associated with a high risk

of WT is 3–4 monthly ultrasound examination until 6–7

years of age [3], although some suggest screening beyond

7 years. The sensitivity of such screening is limited and
parents should be informed of this and be vigilant for

any abdominal masses; regular parental palpation of the

child’s abdomen between scans has also been advocated.

2.2. Retinoblastoma

Retinoblastoma (RB), an embryonic tumour of reti-

nal origin, is caused by mutations in the RB1 gene,
which, like WT1, is often described as a ‘tumour sup-

pressor gene’. It has an incidence of 1 in 15 000, and

accounts for 2.5–4% of all childhood cancer with 90%

arising in children under 3 years of age [4]. The condi-

tion can be hereditary or sporadic and this observation

led to Knudson developing the famous ‘two-hit’ hy-
Table 2

Risks estimates for siblings and offspring of individuals affected with retinob

Type of RB Risk to siblings of affected child R

i

Bilateral, positive FH Up to 50% chance of being

affected

U

a

Bilateral, No FH 5%. This reduces to 1% if

mutation is known in affected

sib and not present in parents

U

a

Unilateral, positive FH Up to 50% chance of being

affected

U

a

Unilateral, No FH 1% 5

RB, retinoblastoma; FH, family history (this should include history of o
pothesis of tumour suppressor gene inactivation [5]. In

hereditary RB, one mutated allele is inherited in the

germline and loss of the second functioning allele is due

to somatic inactivation. As a result, there is a 90%

chance of developing RB. As there is a high new mu-

tation rate, the family history is often negative. On the

other hand, any individual with hereditary RB has a

50% chance of transmitting the mutation to their off-
spring. Hereditary (genetic) RB includes all multifocal

(usually bilateral) RB – around 30% of the total – and

also 10–15% of unilateral RB. Mosaicism can occur

both in affected and unaffected individuals – in an un-

affected individual mosaicism may be somatic or go-

nadal and will increase offspring risk. Recurrence risks

are provided in Table 2. At-risk offspring or known

mutation carriers should have regular and thorough
ophthalmological examination under anaesthetic from

birth to 5 years of age; screening protocols vary a little,

but should begin at 2–3 weeks of age, occur every 3

months until the age of 18–24 months, then 4-monthly

until 4 years and 6 monthly until 5 years. Genetic

analysis detects approximately 90% of germline
lastoma

isk to offspring of affected

ndividual

Molecular testing possible

p to 50% chance of being

ffected

Mutation analysis (90% detection

rate). Linkage

p to 50% chance of being

ffected

Mutation analysis (90% detection

rate). Linkage exclusion

p to 50% chance of being

ffected

Mutation analysis (90% detection

rate). Linkage

–10% Mutation analysis (10% detection

rate). Linkage exclusion

ther RB-related tumours such as osteosarcomas).
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mutations and predictive testing using mutational

analysis or linkage testing should be offered to the par-

ents of at-risk neonates so that screening can be con-

centrated on mutation carriers.

Survivors of hereditary retinoblastoma (i.e. all bilat-
eral cases and a proportion of unilateral cases) have an

increased risk of death from second primary tumours

(relative risk (RR)¼ 60), particularly osteosarcoma,

malignant melanoma and brain tumours [52]. This risk

appears to be further increased by radiotherapy [6], but

applies to the whole body, not just the field of radiation.

Effective screening in survivors for such tumours is dif-

ficult due to the wide variation in the sites and natural
history of the tumours and is not currently advocated,

with the exception of visually impaired survivors who

should be examined annually for melanomas. All sur-

vivors and their medical practioners should be given

general advice about potentially serious symptoms and

signs to be aware of and those with intact vision should

be shown how to self-examine for melanomas.

2.3. Neuroblastoma

Neuroblastoma is a malignant tumour of the primi-

tive sympathetic nervous system and derived from the

embryonic crest [7]. Its incidence is similar to Wilms’

tumour (1 in 10 000) and it accounts for 5–7% of all

tumours under the age of 15 years, 90% of which are

diagnosed in the first 5 years of life with a mean age at
diagnosis of 2 years. Less than 1% have a family history

of neuroblastoma and linkage studies have localised a

region on 16p12–13 which may harbour a causative gene

[8,9]. As with RB, children with familial (inherited)

neuroblastoma often have multiple primary tumours

and present at a younger age. Two large studies of

screening in newborns for neuroblastomas using urinary

catecholamine metabolite measurements have deter-
mined that such screening is not effective at the popu-

lation level [10,11]. Whether screening may be of benefit

to the siblings of children with neuroblastoma is

unknown.
3. Paediatric cancer predisposition syndromes

3.1. DNA repair disorders

DNA repair disorders are rare conditions mostly in-

herited in an autosomal recessive manner. Features of

the main syndromes are listed in Table 3. These condi-

tions are often associated with congenital abnormalities,

small stature, failure to thrive and onset of multiple or

unusual malignancies in childhood. Some of the syn-
dromes, such as Fanconi anaemia (FA), can be very

heterogeneous and the diagnosis should be considered

even if only minor features are present. Sometimes there
are clues from ethnic origin (some conditions are more

common in certain ethnic groups) or the family history

(consanguinity, affected siblings). Many of the syn-

dromes require specific laboratory investigations to aid

diagnosis. Because of potential heterogeneity, it is im-
portant that siblings of affected index cases are carefully

examined and investigated as necessary. In general,

these syndromes have a poor prognosis with high con-

current morbidity and often the malignancies are diffi-

cult to treat because of increased radiosensitivity and/or

chemosensitivity of normal tissues.

FA is characterised by a wide variety of congenital

abnormalities, a propensity to develop bone marrow
failure and acute myeloid leukaemia (AML), and an

increased incidence of solid tumours with young age of

onset [12]. FA cells are characterised by chromosomal

hypersensitivity to DNA cross-linking agents and the

resulting increase in chromosome breakage provides the

basis for a diagnostic test. There are at least 11 ‘com-

plementation groups’ and the genes for 8 of these have

been cloned [13]. It has recently been shown that one of
these genes FANCD1 is actually BRCA2 and the rare

group of FA patients with biallelic BRCA2 mutations

have an earlier onset of leukaemia and an increased risk

of medulloblastomas and Wilms’ tumours [14]. The

average age of onset of bone marrow failure in the major

groups is 7 years and the only curative procedure is

haemopoietic stem cell transplantation. Survivors of

haematological complications have an increased risk of
solid tumours, particular squamous cell carcinomas [15].

Another DNA repair defect syndrome, ataxia telan-

giectasia (AT) caused by mutations in the ATM gene, is

characterised at the cellular level by abnormal sensitivity

to ionising radiation which induces chromosomal

breakage. AT homozygotes commonly develop cere-

bellar ataxia, telangiectasia and immune defects. There

is also a predisposition to malignancies which develop in
around 38% of patients and are mostly lymphoid leu-

kaemias of T-cell origin and lymphomas of B-cell origin

[16,17].

3.2. Other paediatric cancer predisposition syndromes

3.2.1. Neurofibromatosis Type 1 (NF1)

NF1 is a common autosomal dominant condition
that occurs in approximately 1 in 3000 individuals. The

most common presenting features are caf�e-au-lait pat-

ches and peripheral neurofibromas, but short stature,

scoliosis and learning difficulties are also common fea-

tures. Approximately 50% of cases have no family hi-

story and are caused by new mutations. The large size

and highly polymorphic nature of the NF1 gene on

chromosome 17q means that genetic testing is currently
not routinely undertaken and the diagnosis is made

based on clinical criteria. There is an increased risk of

tumours affecting 2–5% of individuals which usually



Table 3

Features of the main DNA repair disorders

Syndrome Inheritance,

incidence

Primary

malignancy

Associated malignancies and

clinical features

Chromosome

location

Cloned gene Putative function Laboratory investigations Gene tests

Ataxia telangiectasia AR, 1/40 000–

1/100 000

Lymphoma,

leukaemia

Telangiectasia, immuno-

deficiency, cerebellar ataxia,

radiosensitivity. Breast cancer

in heterozygotes

11q22 ATM DNA damage response Raised a-fetoprotein.
Hypersensitivity to ionising

radiation which induces

chromosomal breakage

3

Nijmegen breakage

syndrome

AR, unknown. Lymphoma Microcephaly, developmental

delay, immunodeficiency

8q21 NBS DNA damage response Hypersensitivity to ionising

radiation which induces

chromosomal breakage

2

Increased in

Eastern Europe

Fanconi anaemia AR, 1/300 000. AML Squamous cell carcinomas,

pancytopenia, short stature.

Congenital abnormalities:

skeletal, renal

16q24.3 FANCA All involved in DNA repair.

FANCD1 has recently been

shown to be BRCA2 and the

FA phenotype can be seen in

individuals with biallelic

BRCA2 mutations

Hypersensitivity to alkylating

agents e.g., Diepoxybutane

or Mitomycin C which induce

chromosomal breakage

2

Increased in

Ashkenazi Jews

FANCB

9q22.3 FANCC

(FANCD1)

3p25.3 FANCD2

6p21-22 FANCE

11p15 FANCF

9p13 FANCG

FANCI

FANCJ

2p16 FANCL

Bloom syndrome AR, several

hundred

worldwide.

Leukaemia,

lymphoma

Skin carcinomas, other solid

tumours. Short stature,

sun-sensitive erythematous

lesions

15q26.1 BLM DNA helicase Increased sister chromatid

exchange

2

Increased incidence

in Ashkenazi Jews

Werner syndrome AR, 1/100 000–1/

500 000

Sarcoma,

melanoma

Cataracts, short stature,

premature ageing,

8p11-12 WRN DNA helicase Increased urine hyaluronic acid 2

Rothmund–Thomson

syndrome

AR, unknown Osteo-sarcoma Poikiloderma congenita,

alopecia, photosensitivity,

cataracts, short stature

8q24.3 RECQL4 DNA helicase 2

Xeroderma

Pigmentosum

AR, 1/1,000 000. Skin cancer Skin pigmentation actinic

keratoses conjunctivitis,

keratitis

9q34 XPA Nucleotide excision repair Unscheduled DNA

synthesis assay

3

Increased in

Japanese

2q21 XPB

3p25 XPC

19q13.2 XPD

11 XPE

16p13.3 XPF

13q32 XPG

AR, autosomal recessive; AD, autosomal dominant; AML, acute myeloid leukaemia.

Gene tests: 1, genetic testing widely available; 2, genetic testing only available in a few centres with an special interest in the condition; 3, genetic testing only available on a research basis.

N.B. The genetic test status for individual conditions will be subject to change in view of the rapid molecular advances being made and clinicians are recommended to seek advice regarding a current test status with their

local clinical genetics service.
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arise in the adolescent and adult years and include

phaeochromocytoma, neurofibrosarcoma and meningi-

oma. Conversely, optic glioma tends to arise in infancy

or early childhood and can be found in 15% of indi-

viduals – with around half being symptomatic. These
tumours are low grade and non-malignant, but can

impinge on the optic nerve or interfere with the hypo-

thalamic-pituitary axis. There is considerable contro-

versy about screening for and the management of these

tumours and while regular computerised tomography/

magnetic resonance imaging (CT/MRI) surveillance

scans are not recommended, children should have an

annual ophthalmology assessment (including visual
fields) and MRI scanning if a glioma is suspected. If a

glioma is asymptomatic, a policy of ‘watchful’ obser-

vation is recommended. Optic gliomas rarely develop

after the childhood years.

All individuals with NF1 should be educated about

the risks of developing tumours and children should

have an annual clinical assessment to try to detect

complications at an early stage. Assessment should in-
clude information about school performance and gen-

eral health and the examination should include height

and head circumference measurements together with a

spine examination (for scoliosis), skin examination and

blood pressure measurement. Annual ophthalmological

examination of children is recommended until 5 years of

age [18].

3.2.2. Beckwith–Wiedemann syndrome

Beckwith–Wiedemann syndrome (BWS) is a complex

multigenic disorder caused by alterations in growth

regulatory genes on chromosome 11p15. Clinically, it is

characterised by macroglossia, macrosomia, hemihy-

pertrophy and abdominal wall defects [19]. The popu-

lation incidence is around 1 in 10 000, and 85% of these

are sporadic with normal karyotypes, although 10–15%
have autosomal dominant pedigrees. Around 10–20% of

cases are due to paternal uniparental isodisomy of

11p15. A further 2–3% have other chromosome abnor-

malities involving this region. The overall risk of tu-

mours in BWS is estimated to be 7.5% [20]. The two

commonest tumours are Wilms’ tumour and hepato-

blastoma, but rhabdomyosarcoma, pancreatoblastoma,

adrenocortical carcinoma and neuroblastoma have also
been described. Most of the increased tumour risk is in

the first 5–8 years of life, so it is recommended that

children with a diagnosis of BWS have 3-monthly ab-

dominal ultrasounds until 5 years old, then less fre-

quently until the age of 8 years [21]. Screening for

neuroblastoma with serial urine catecholamine metab-

olite measurements and for hepatoblastoma with serial

serum a-fetoprotein (AFP) measurements have been
suggested, but are not generally performed because of

the relatively low risk of these tumours [22]. Children

with ‘isolated’ hemihypertrophy, some of whom may
have ‘formes frustes’ of BWS, have a significant overlap

of tumour types with BWS and a lifetime risk of 5.9%.

Therefore, screening protocols similar to those for BWS

may also be indicated for these children [23].

3.2.3. Costello syndrome

This very rare condition is also known as facio-

cutaneo-skeletal syndrome. The inheritance pattern is

unclear, although it is most likely to be ‘sporadic’ as a

result of new dominant mutations. Affected individuals

have a facial resemblance to those with Noonan’s syn-

drome and the facial appearance may become coarser

with age. Multiple nasal papillomata and excess skin on
the hands are characteristic and mental retardation is

usually a feature. There have been several case reports of

associated tumours, including rhabdomyosarcoma,

neuroblastoma and transitional cell carcinoma of the

bladder [24]. The overall tumour risk may be as high as

17% [24] and a screening protocol which involves 3–6

monthly ultrasound evaluation of the abdomen until the

age of 8–10 years, 6–12 monthly urine catecholamine
metabolite measurements until the age of 5 years and

annual urinalysis until the age of 10 years has been

proposed [24]. However, the evidence base for such a

protocol is very limited due to the rarity of the condition

and prospective evaluation is required [25].
4. The management of children in families with predomi-
nantly adult onset cancer predisposition syndromes

4.1. Colorectal cancer syndromes

The main colorectal predisposition syndromes are

detailed in Table 4. Overall, they are likely to account

for 2–3% of all colorectal cancers and a higher propor-

tion of young onset (<age 50 years) cancers. Hereditary
non-polyposis colon cancer (HNPCC) is the commonest

dominantly-inherited colorectal cancer, but as screening

in this condition is recommended from age 25 years

there are usually no indications for genetic testing dur-

ing childhood.

Familial Adenomatous Polyposis (FAP) is charac-

terised by profuse adenomatous colonic polyposis, with

affected individuals developing hundreds of polyps by
the second decade of life and, unless prophylactic co-

lectomy is performed, over 90% will have developed

colorectal cancer by the age of 45 years. In addition to

colonic polyps, 80% will have duodenal adenomas and

there is an associated 5–10% lifetime risk of small bowel

carcinoma. There is also an increased risk of hepato-

blastoma, medulloblastoma, papillary carcinoma of the

thyroid and desmoid tumours [53]. Desmoid tumours
are often found in the small bowel mesentery, usually in

female FAP patients. These benign, but treatment-

resistant, lesions can grow to a large size, causing



Table 4

Clinical and molecular features of the major colorectal cancer predisposition syndromes

Syndrome Inheritance,

prevalence

Lifetime colorectal

cancer risk

Associated malignancies

and clinical features

Chromosome

Location

Cloned gene Putative function Clinical screening Gene

tests

Hereditary non-Polyposis

Colorectal cancer

(HNPCC)

AD, 1/3000 Males 80%

Females 30–50%

Endometrial, ovarian, uri-

nary tract carcinomas

3p21, 2p16,

2p16, 2q32,

7p22,

MLH1, MSH2, MSH6,

PMS1, PMS2

DNA mismatch repair Biennial total colonic sur-

veillance should start at

age 25 years, or five years

less than the first cancer

case in the family, which-

ever is the earlier

1

Muir Torre syndrome AD, rare Unknown. Likely

to be similar to

HNPCC

HNPCC variant with se-

baceous skin tumours

2p16, 3p21, MSH2, MLH1 DNA mismatch repair As for HNPCC 1

Familial Adenomatous

Polyposis (FAP)

AD, 1/14 000 Virtually 100% Colorectal adenomas, gas-

tric tumours, desmoids,

congenital hypertrophy of

the retinal pigment epithe-

lium

5q21 APC Regulation of b-catenin Annual flexible sigmoidos-

copy should be offered to

at risk family members

from age 13–15 years

1

Prophylactic colectomy is

recommended between the

age of 16 and 20 years

Three yearly upper gastro-

intestinal endoscopy from

age 30 years

Gardner’s syndrome AD, rare As for FAP FAP variant with soft tis-

sue tumours (desmoids),

osteomas

5q21 APC Regulation of b-catenin As for FAP 1

Multiple colorectal

adenomas (FAP-like)

AR, unknown Unknown.

Possibly as high

as for FAP

Duodenal polyposis con-

genital hypertrophy of the

retinal pigment epithelium

1p34.3-p32.1 MYH Base excision repair No current guidelines.

Screening should probably

be similar to FAP

2

Turcot syndrome AD, rare As for FAP

or HNPCC

FAP variant with

CNS tumours

e.g., medulloblastoma

5q21 APC Regulation of b-catenin Depends on gene involved.

Either as for HNPCC or as

for FAP

1

3p21 MLH1 DNA mismatch repair

7q22 PMS2 DNA mismatch repair
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significant morbidity and mortality, and management is

difficult.

FAP is inherited in an autosomal dominant manner,

with a disease prevalence of 1 in 8500; approximately a

third of cases arise sporadically as new mutations. It is
caused by germ-line mutations in the adenomatous

polyposis coli (APC) gene located on chromosome 5q21.

It is a large gene and the clinical phenotype can vary

with the location of a mutation; mutations at either end

of the gene cause a variant of FAP with few polyps,

known as ‘attenuated FAP’. Approximately two thirds

of individuals with FAP will have flat, oval, pigmented

retinal lesions – so-called congenital hypertrophy of the
retinal pigment epithelium (CHRPE). CHRPEs do not

impair vision, but are present from birth and can be a

useful adjunct to diagnosis in at-risk individuals.

At-risk individuals (e.g. children of those affected) are

offered at least annual surveillance for the development

of colorectal polyps from their early teenage years on-

ward. If the causative mutation is known in the family,

predictive genetic testing should be offered. Genetic
testing is clearly useful in the prevention of unnecessary

screening of unaffected individuals and concentrate re-

sources on those harbouring a mutation [26]. For those

individuals who carry the mutation, prophylactic co-

lectomy is the treatment of choice when polyps become

established. Where the mutation is not known, entry

into a screening programme is advised; during the

teenage years sigmoidoscopy suffices, since in classical
FAP polyps almost always first occur in the rectum and

sigmoid colon. Current guidelines recommend yearly

sigmoidoscopy from the ages of 14–19 years. The timing

of genetic testing should ideally be planned so a child is

old enough to understand the implications, but early

enough so that sigmoidoscopy can be avoided in non-

mutation carriers.

An autosomal recessive polyposis syndrome similar
to FAP, but due to mutations in the MYH gene, has

recently been identified [27] and this is the only condi-

tion listed in Table 4 that is not inherited in an auto-

somal dominant manner. Because of the autosomal

recessive inheritance there is unlikely to be a strong

family history in previous generations. The characteris-

tic phenotype of patients with homozygous MYH mu-

tations is similar to those in FAP or attenuated FAP,
but extracolonic tumours are unusual. MYH mutations

are thought to account for 23% of APC -mutation-

negative cases with more than 10 polyps [28] and around

10% of cases with more than 3 polyps [29]. Patients with

a phenotype for FAP, but no evidence of vertical

transmission should be tested for both APC mutations

(as nearly a third of cases arise de novo) and for MYH

mutations. Siblings of affected cases will require coun-
selling, screening, and treatment tailored to the type of

mutation, as well as to the presence or absence of ver-

tical transmission.
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4.2. Breast cancer predisposition syndromes

Around 1% of breast cancers arise in women aged 20–

29 years [30] and below this age breast cancer is ex-

tremely rare. Approximately 3–5% of all breast cancer is
estimated to be due to dominantly inherited genes [31]

and two breast cancer genes, BRCA1 and BRCA2, to-

gether account for around 85% of familial breast cancer

[32]. Women who carry mutations in these genes also

have an increased risk of ovarian cancer. In individuals

with BRCA1 and BRCA2 mutations, breast cancer is

nevertheless rare under the age of 25 years. Moreover,

mammographic screening for breast cancer in young
women is problematic and there are issues regarding

both sensitivity and radiation risk in young women [33].

Therefore, predictive testing for BRCA1 and BRCA2 in

children is not indicated. Girls from families with he-

reditary breast cancer may have considerable anxiety

about their own risks of developing breast cancer, par-

ticularly if they have had experience of an affected close

relative. This situation needs to be dealt with in a sen-
sitive and tactful manner as does advice about the use of

the oral contraceptive pill (OCP). Women taking the

OCP have a slightly increased risk of breast cancer [34],

but the OCP probably reduces the risk of ovarian cancer

in the general population. There is uncertainty about

whether BRCA1/2 carriers have a similar or different or

different (and possibly greater) risk of breast and ovar-

ian cancer if they take the OCP [35,36].
Patients with Cowden Syndrome’s (CS), a rare dis-

order due to mutations in PTEN, develop clinical fea-

tures including cobblestone-like papules of the buccal

mucosa, multiple facial trichilemmomas and macro-

cephaly. In females, there is an increased risk of breast

and thyroid cancer and, while the earliest recorded age

at diagnosis of breast cancer is 14 years [37], most CS

breast cancers are diagnosed between 30 and 35 years
[38]. Genetic testing in childhood may be indicated as

thyroid cysts and multinodular goitre and breast cysts

may develop in affected children.

Li-Fraumeni syndrome (LFS) is due to mutations in

the TP53 gene. LFS is strictly defined as: a proband with

a sarcoma diagnosed before 45 years of age and a first-

degree relative with any cancer under 45 years of age

and a first- or second-degree relative with any cancer
under 45 years of age or a sarcoma at any age. The

overall lifetime risk of cancer is estimated to be 80–90%

and has been estimated to be as high as 40% by 16 years

[39]. There is an increased incidence of adrenocortical

tumour (mean age at diagnosis 4.9 years), bone or soft

tissue sarcoma (mean age at diagnosis 15 years), breast

cancer, melanoma, leukaemia or myelodysplasia and

brain tumours [40,54]. Parents are understandably
anxious about their children and there may be consid-

erable pressure for predictive testing. However, as no

effective screening exists for these tumours, predictive
genetic testing of children is difficult to justify though

diagnostic testing of a child with a sarcoma or as adre-

nocortical tumour should be considered. DNA may be

stored for later testing if appropriate.

4.3. Neuroendocrine tumour predisposition syndromes

The main neuroendocrine syndromes, all rare and

dominantly inherited, are detailed in Table 5. As they

predispose to a varied group of tumours with a wide

range of clinical manifestations, screening is intensive

and complex and should begin from the age of 5 years

for some of the associated tumours (see [41] for guide-
lines in full on screening in MEN1 and MEN2 (Multiple

Endocrine Neoplasia Types 1 and 2)). Gene mutation

screening and predictive testing is therefore a useful way

of both focusing resources on at-risk individuals and

avoiding unnecessary investigations on those who are

not at-risk. The mutation detection sensitivity for

MEN1 and Von Hippel Lindan (VHL) is in the order of

75–95%, with higher detection rates where there is a
positive family history. For MEN2A, the detection rate

approaches 98%. Because the lifetime risk of medullary

thyroid cancer (MTC) is virtually 100% in MEN2A,

prophylactic thyroidectomy is advocated before age 5

years, especially for those mutations associated with a

young age at onset [41]. This is one of the very few

current examples where predictive genetic testing is ad-

vocated in childhood, because it has a direct bearing on
the management of at-risk-children.

Phaeochromocytomas are neural crest tumours aris-

ing from the adrenal medulla, although they can occur

in extra-adrenal sites. They are catecholamine-secreting

tumours that can present with hypertension and are

benign in around 90% of cases. Genetic factors may be

implicated in up to 25% of phaeochromocytoma cases

[42]. The most frequent causes of phaeochromocytoma
susceptibility are VHL, MEN2, phaeochromocytoma–

paraganglioma syndrome (caused by germline muta-

tions in SDHD and SDHB) and, less commonly, NF1.

4.4. Other

4.4.1. Neurofibromatosis Type 2 (NF2)

NF2 is characterised by vestibular schwannomas,
intracranial meningiomas, spinal tumours including

schwannomas, cataracts and skin lesions [43]. It is rare

with an incidence of approximately 1 in 40 000, but it is

associated with considerable morbidity. It is autosomal

dominant and mutation testing is possible for the NF2

gene with a 70% mutation detection rate. Children of

affected parents should be considered to be at a 50% risk

of NF2 and ophthalmological screening can start at
birth as cataracts can affect vision in early life. Formal

screening for tumours should start at 10 years and in-

cludes two-yearly MRI scans and annual audiology



Table 5

Clinical and molecular features of the main neuroendocrine syndromes

Syndrome Inheritance/

Incidence

Primary malignancy Associated malignancies and

clinical features

Chromosome

location

Cloned gene Putative function Clinical screening Gene tests

Multiple endocrine

neoplasia Type 1

AD 1/60 000 Parathyroid

adenoma

Entero-pancreatic tumours e.g.

gastrinoma, insulinoma. Carci-

noid tumours, anterior pituitary

tumours, adrenal cortex

tumours

11q13 Menin Transcription

regulator

Annual serum calcium, parathy-

roid hormone (PTH), fasting

glucose, insulin, gastrin, secre-

tin-stimulated gastrin, gluca-

gons, proinsulin. 3-yearly

pituitary MRI scans, octreotide

scans, abdominal CT scans. See

also [31]

2

Multiple endocrine

neoplasia Type 2

AD 1 per million Medullary thyroid

carcinoma

Type 2A: pheochromocytoma,

parathyroid hyperplasia

10q11.2 RET Transmembrane

receptor tyrosine

kinases

Management should be based on

DNA testing [31]. Prophylactic

thyroidectomy is the treatment

of choice. Serum calcitonin pre-

and post-op, annual urine VMA

and catecholamines

2

Type 2B: pheochromocytoma,

mucosal ganglioneuromatosis,

Marfanoid habitus

Von Hippel-Lindau AD 1 in 36 000 Renal clear cell

carcinoma

Pheochromocytoma, retinal and

cerebellar haemangioblastoma

3p25 VHL Regulator of tran-

scriptional elonga-

tion by RNA

polymerase II

Annual urine microscopy, VMA

and catecholamine measure-

ments, ophthalomogy assess-

ment, renal USS or MRI. 3-

yearly brain MRI or CT

2

AR, autosomal recessive; AD, autosomal dominant.

Gene tests: 1, genetic testing widely available; 2, genetic testing only available in a few centres with an special interest in the condition; 3, genetic testing only available on a research basis.

N.B. The genetic test status for individual conditions will be subject to change in view of the rapid molecular advances being made and clinicians are recommended to seek advice regarding a current test status with their

local clinical genetics service. CT, computerised tomography; MRI, magnetic resonance imaging; PTH, parathyroid hormone; VMA, vanillylmandelic acid; USS, ultrasound scan.
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tests, including auditory brainstem response [43]. As

these investigations are non-invasive, the issue of pre-

symptomatic genetic testing is problematic in children

and there are arguments both for testing in childhood

and for deferring until a child is old enough to make an
informed decision about testing.

4.4.2. Nevoid basal cell carcinoma syndrome (Gorlin’s

syndrome)

This autosomal dominant condition with an inci-

dence of around 1 in 56 000 is due to mutations in the

PTCH gene and is characterised by macrocephaly with a

characteristic facial appearance, jaw cysts and a pro-
pensity to develop basal cell carcinomas (BCCs). These

are influenced by sun exposure, but may occur below the

age of 10 years [44,45]. Affected individuals should avoid

excess sun exposure and be advised to wear ultra violet

(UV) protective sunglasses and high factor sunscreens as

the skin surrounding the eyes (and also on the nose and

ears) is particularly vulnerable to BCCs. Radiotherapy

should be avoided whenever possible and children
should be reviewed at regular intervals (3–6 monthly) by

a dermatologist. The jaw cysts can be treated by surgical

removal.

There is also an increased risk of other tumours in-

cluding medulloblastoma and neurological examination

at six monthly intervals until the age of 3 years and

yearly until the age of 7 years has been advocated. Be-

yond this age, medulloblastoma would be very unlikely
to develop. PTCH gene mutations are found in around

half of all cases of Gorlin’s syndrome [46,47] and this

can be used to identify at-risk individuals who would

benefit from screening. If the family mutation is not

known the diagnosis can sometimes be made in infants

at-risk by radiographic means (calcification of falx, rib

anomalies, calcification of ovarian fibromas).
5. Ethical considerations in the genetic testing of children

It is important to distinguish diagnostic from pre-

symptomatic genetic testing in children. An example of a
Table 6

Cancer predisposition syndromes where the genetic test result will alter clini

Syndrome Gene Ge

Familial adenomatous polyposis APC 1

Multiple endocrine neoplasia Type 1 MEN1 2

Multiple endocrine neoplasia Type 2 RET 2

Von Hippel-Lindau VHL 2

Retinoblastoma RB1 2

Neurofibromatosis Type 2 NF2 2

Gene tests: 1, genetic testing widely available; 2, genetic testing only avail

testing only available on a research basis.

N.B. The genetic test status for individual conditions will be subject to cha

are recommended to seek advice regarding a current test status with their lo
diagnostic genetic test would be APC gene mutation

screening in a child with multiple colorectal polyps,

where the purpose is to confirm the suspected clinical

diagnosis of FAP. The issues surrounding such diag-

nostic testing are similar to other diagnostic tests in
childhood.

An example of presymptomatic genetic testing (also

called predictive genetic testing) would be testing a

healthy child with no features of FAP for an APC gene

mutation known to be in their family. Such testing is

justifiable only when the test result will change medical

care in childhood [48]. In reality, this currently applies to

only a small number of genetic cancer predisposition
syndromes [49] (Table 6), but this list is likely to expand

in the future. Presymptomatic genetic testing raises

complex psychosocial, ethical and legal considerations

[50].

When a child is not competent to give consent, the

main consideration in genetic testing should be the

welfare of that child. Parents and health professionals

need to carefully weigh information about the possible
benefits and harm that may result from the test. The

cornerstone of this process is ‘informed consent’ or, at

least, assent. One of the main concerns about pre-

symptomatic testing in childhood is the potential loss of

autonomy for the child. When the child who has been

tested reaches maturity, the right of that child to decline

testing or the possibility of withholding genetic test re-

sults has effectively been lost. Other important issues
relate to maintaining privacy and confidentiality of ge-

netic test results in children, to minimise the potential

risk of stigmatisation and discrimination in later life.

Genetic testing can have important psychological

consequences for the child [50]. Presymptomatic testing

of children can disrupt family dynamics with parents

taking a different attitude to a child who has inherited a

cancer predisposition gene which may in turn affect re-
lationships between siblings. Often the family has ex-

perienced the trauma of a several members developing

cancer at a young age and this increased morbidity and

mortality can lead to dysfunctional family relationships

and economic hardship. The parent may feel guilt that
cal management in children

ne tests Surgical management

(prophylactic surgery)

Medical management

(screening)

N Y

N Y

Y Y

N Y

N Y

N Y

able in a few centres with an special interest in the condition; 3, genetic

nge in view of the rapid molecular advances being made and clinicians

cal clinical genetics service. N, no; Y, yes.
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they are responsible for the potential risk to their off-

spring and may wish to remove the uncertainty by

testing them. Children who are tested and found not to

carry the cancer predisposing gene may experience sur-

vivor guilt and worry about their relationship with af-
fected siblings. Conversely, children that carry the gene

may experience heightened anxiety related to fears about

future health. Feelings of guilt, insecurity and altered

perception of self may also occur. Further emotional

complications may arise from the ‘‘medicalisation’’ of

the child who may require invasive screening procedures

(e.g. flexible sigmoidoscopies in FAP gene carriers) as a

result of a positive gene test. However, there can be
psychological benefits from gene testing, such as the

removal of uncertainty and the opportunity to openly

discuss the cancer predisposition which may have hith-

erto been suppressed in the family.

These issues underlie the importance that discussions

on genetic testing are done in a sensitive, comprehensive

and inclusive manner by fully trained specialist health

professionals, such as genetic counsellors and clinical
geneticists, in a relaxed and comfortable environment.

Multiple sessions should be encouraged so that the child

and their family have time to fully think through the

consequences of genetic testing. It is also very important

that cultural beliefs and family values about privacy,

truth-telling and disclosure are respected.
6. Summary

A large number of known inherited cancer predis-

position syndromes have been identified and this is set to

increase as our knowledge of cancer genetics expands.

Improvements in mutation screening opportunities and

techniques will increase the sensitivity and accuracy and,

therefore, the applicability of genetic testing. Presymp-
tomatic ‘predictive’ genetic testing in children is only

indicated where the test result will change medical care

during childhood. At present, this circumstance applies

to only a few conditions. When testing is indicated it

should be undertaken by experienced health profes-

sionals who are able to deal with the resultant psycho-

logical, emotional, ethical and legal complexities in a

sensitive, informative and respectful manner.
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