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Abstract De novo mutations in the adenomatous polyp-

osis coli (APC) gene are estimated to constitute

approximately 25% of familial adenomatous polyposis

(FAP) cases. A small percentage of these arise in the

mosaic form, affecting only a subset of cells in the affected

individual. A family is described here whereby an unaf-

fected mother with no detectible mutation in APC,

transmitted the identical APC c.4729G[T (p.Glu1577X)

mutation to two children. A third child, with the same APC

allelic haplotype received a normal APC allele, suggesting

that the mutation originated in the gonadal tissues of the

mother. These results underscore the utility of mutation-

specific genetic testing for the parents and siblings of a

proband of an adult-onset disease, even if the proband

appears to have a de novo mutation. Parents who test

negative for the mutation should be counseled about the

possibility of having another affected child due to gonadal

mosaicism.
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Introduction

Familial adenomatous polyposis (FAP [MIM 175100]) is

an autosomal dominant colorectal cancer predisposition

syndrome characterized by hundreds to thousands of

colonic polyps and an average age of onset of 16 years.

Colon cancer often occurs by the 30s or 40s [1].

Affected individuals also have an increased risk for

extra-colonic malignancies including gastric [2], duode-

nal [3], thyroid [4, 5] and pancreatic cancer [6]. FAP is

usually caused by a germline mutation of the adenoma-

tous polyposis coli (APC) gene. However, approximately

25–30% of individuals clinically and genetically diag-

nosed with FAP have no family history of the condition

and appear to represent de novo mutations [7]. In this

report, a family with two siblings representing seemingly

sporadic cases of FAP, without apparent parental trans-

mission, is investigated for parental mosaicism.

Parental mosaicism was previously reported in a

family with FAP in which the mother had a known APC

mutation and also had another, second mutation in her

germ cells [8]. In addition to this case involving FAP,

parental mosaicism has been reported in several other

inherited conditions such as Cornelia de Lange [9],

myoclonic epilepsy [10, 11], osteogenesis imperfecta

[12–16], and even in recurrent miscarriages [17]. The

incidence of gonadal mosaicism varies by the condition

involved; it is unknown in FAP.
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Methods

This study was approved by the Institutional Review Board

of the University of Utah. Informed consent was obtained

from all research participants.

Research subjects

The family under investigation originally presented to the

Family Cancer Assessment Clinic at the University of

Utah’s Huntsman Cancer Institute for genetic counseling

and testing. The proband reported that he and his sister had

a clinical diagnosis of FAP, while both parents were

unaffected. After appropriate counseling regarding the

possibility of non-paternity and the rarity of gonadal

mosaicism, the family elected to enroll in research to

evaluate the possibility of parental mosaicism. Phenotype

information (including colonoscopy reports, presence or

absence of osteomas, dental anomalies and skin findings)

was collected on the parents and adult children. Cancer

history in extended family was reported by the proband’s

parents.

Genetic testing

DNA for research was extracted from lymphoblast and

buccal cells using Puregene1 DNA Purification Kit,

Gentra Systems (Minneapolis, Minnesota) according to

manufacturer’s protocols. PCR amplification of genomic

DNA of amplicon APC 15-6 (spanning nucleotides c.4304

to c.4904 according to established nomenclature guidelines

[18]), was performed using human-specific primers, APC

15-6 Forward, (50GAAGTAAAACACCTCCACCACC30)
and APC 15-6 Reverse, (50CCCGGTGTAAAAC

TAACATGC30). Standard PCR conditions were followed,

using 2.5 mM MgCl2 and an annealing temperature of

60�C. Sequence reactions were performed in both direc-

tions on PCR products using APC 15-6 Forward and APC

15-6 Reverse primers. Reaction products were run on

Applied Biosystems 3730 capillary sequencer.

Genotyping

A panel of 25 heterozygous short tandem repeat (STR)

markers on four chromosomes were used to confirm

maternity and paternity, these included D19S210,

D19S216, D19S220, D19S221, D19S414, D19S420,

D19S884, D19S902, D20S100, D20S107, D20S112,

D20S115, D20S117, D20S119, D20S171, D20S186,

D20S196, D20S889, D21S1252, D21S266, D22S274,

D22S280, D22S420, D22S423, and D22S539. Linkage

equilibrium was assumed between alleles on the same

chromosomes. At each locus, non-maternity and non-

paternity probabilities for each offspring were calculated as

the chances that unknown individuals could have been the

parents; the product of the prevalences of each STR allele

detected for which published allele frequencies were

available at http://www.ncbi.nlm.nih.gov/projects/SNP/.

For each child, the likelihood of parentage was calculated

to be (1-likehood of non-parentage) and was [99.999%.

Four STR markers flanking the APC locus (D5S346,

D5S2501, D5S2027, and D5S421) were used to determine

inheritance patterns of the APC locus. Genetic marker PCR

products were resolved on Applied Biosystems 3130xl

Genetic Analyzer with a 36-cm capillary using POP-7

polymer.

Allele specific cloning

The APC 15-6 PCR product from lymphoblast DNA was

cloned into pCR12.1-Topo1 vector and transformed into

chemically competent E. coli strain TOP10 using the

TOPO1 TA Cloning Kit (Invitrogen Life Technologies,

Carlsbad, California). PCR amplification of the cloned

APC 15-6 amplicon was performed on isolated colonies

and the products were digested with MboII restriction

enzyme to distinguish the clones which contained the APC

c.4729G[T mutation. The products were then sequenced to

determine which rs41115 single nucleotide polymorphism

(SNP) was in cis with the APC c.4729G[T mutation.

Results

To verify the clinical status of the family under investi-

gation, colonoscopy and genetic data were collected on

several family members. The phenotypic and genotypic

information collected on the immediate family members is

detailed in Fig. 1. The father (II-6) had two adenomatous

polyps at age 66 and the mother (II-7) did not have any

polyps at the age of 64. Individuals III-1, III-2, and III-4

reported no polyps. Individual III-3 was diagnosed with

greater than 100 polyps at the age of 28, and subsequently

underwent a colectomy at the age of 33. Individual III-5

was initially referred for evaluation based on her jaw

osteomas at age 14; by age 25, she had greater than 100

cumulative polyps. No gastrointestinal polyps or cancers

were reported in any of the extended family members. The

mother (II-7) reported that her father and two brothers were

diagnosed with prostate cancer at the ages of 79, 53, and 55

respectively. As prostate cancer is not typically associated
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with FAP, it is likely that this familial clustering of prostate

cancer is independent of the APC mutation in this family.

Genetic testing was conducted on each of the family

members. A mutation, APC c.4729G[T (p.Glu1577X),

was found in the proband (III-3) by sequencing of the APC

gene from peripheral blood at Myriad Genetic Laboratories

(Salt Lake City). Subsequently, full APC sequencing and

MYH testing for the two common mutations was also

performed on III-5. She also had a solitary APC

c.4729G[T mutation identified; no mutations in MYH were

detected. Clinical genetic testing for the familial mutation

was performed on blood samples from one unaffected

sibling, III-4, and both parents; no mutation was detected.

Under a research protocol, mutation-specific testing was

completed on blood from the parents, II-6 and II-7, the

unaffected siblings, III-1, III-2 and III-4, and the affected

siblings III-3 and III-5. In order to determine if the muta-

tion is present in another tissue, mutation specific testing

was repeated on buccal samples from each of the parents.

Once again, the mutation was not identified. A summary of

the genetic and clinical information is provided in Fig. 1.

Identity testing was used to confirm the genetic contri-

butions of both the mother and father to each of their

children. This was conducted by using 25 markers on 4

chromosomes. Based on known frequencies of these alleles

in the general population, non-paternity can be ruled out

with [99.999% certainty (Fig. 2). Since maternal and

paternal inheritance was not an issue, the haplotype anal-

ysis of the APC locus was done to determine if the mutant

allele originated from mother or father. Both affected

children (III-3 and III-5) and an unaffected sibling (III-1)

inherit the identical APC alleles from mother and father

(Fig. 1). Thus, there was evidence of gonadal mosaicism

since one unaffected sibling also inherited the same alleles,

although the parental origin was ambiguous. To further

address the question of parental origin, a SNP (rs41115,)

was identified 250 base-pairs upstream of the mutation site,

for which the father (II-6) was homozygous AA and the

mother (II-7) was homozygous GG. Sequence analysis

confirmed that each of the five children was heterozygous,

AG. DNA cloning and sequencing of individual alleles

demonstrated that the c.4729G[T mutation was co-inher-

ited with the rs41115 G allele at position 4479 in every

clone sequenced, indicating that the origin of the mosai-

cism was maternal (Fig. 3).

Discussion

We describe a family where an APC allele is transmitted to

three offspring through an unaffected mother; two indi-

viduals inherit an APC mutation responsible for FAP

whereas the third individual inherits a normal allele of

APC. Although this case is not the first instance of gonadal

mosaicism reported in a family with FAP [19], it reiterates

the possibility that seemingly new mutations may be a

result of a parent with gonadal mosaicism. This case has

important implications for genetic counseling of families

with apparently de novo cases of FAP. Parents who test

negative for the mutation should be counseled about the

small possibility of having another affected child due to

gonadal mosaicism. Likewise, all siblings of the affected

individual should be offered genetic testing for the muta-

tion or undergo colonoscopic evaluation (if genetic testing

is not pursued), even if neither of the parents is affected.

Recent studies have described the presence of somatic

mosaicism in between 11 and 20% of apparently de novo

mutations [20, 21]. In the cases described, the phenotype

was consistently milder than expected due to the mosai-

cism, whereas affected offspring of these cases would be

Fig. 1 Family Pedigree:

Pedigree shows FAP clinical

diagnosis, prostate cancers and

lack of evidence for clinical

suspicion of FAP in previous

generations. Age at time of

family evaluation, APC genetic

test results, and APC locus

haplotype data are included in

the following order (top-to-

bottom): D5S2501, D5S2027,

D5S346, and D5S421
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expected to have fully penetrant disease. We do not believe

this phenomenon explains the current case as the sequence

traces of the mother failed to reveal any appreciable sign of

the mutation in the peripheral blood (mesoderm) or buccal

cells (ectoderm) and she had no polyps upon colonoscopy

at age 64 (endoderm). Therefore, neither the mutation nor

the phenotype is present in tissues representing the three

germinal layers of early fetal development. Most impor-

tantly, one child without the mutation inherits the identical

allele as the two affected children, suggesting that this

mutation arose in one of the estimated 6 primordial germ

cell progenitors or their descendants.

In general, when a de novo mutation is detected in a

proband and not in either parent or any siblings, which is

estimated to account for up to 25% of cases, the clinical

interpretation is that the mutation arose in the proband, or

the egg or sperm that contributed to the proband [22].

However, our results and recent reports on the prevalence

of somatic mosaicism show that it is important to rule out

that the mutation may have arisen one generation earlier, as

mosaicism in the germline of one of the parents. Interest-

ingly, recent studies have suggested that APC point

mutations such as the one described here, are more likely to

arise on the paternal allele [23]; however, as the proband’s

maternal grandparents are both deceased, it was not fea-

sible to pursue this line of inquiry.
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