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MOSAICISM IN TUBEROUS SCLEROSIS
AS A POTENTIAL CAUSE OF THE
FAILURE OF MOLECULAR DIAGNOSIS
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OSAICISM is the phenomenon in which
a fraction of; rather than all, germ-line and
somatic cells contain a mutation or chro-
mosomal abnormality. It occurs in all genetic disor-
ders in which spontaneous mutations occur and has
important clinical consequences for the assessment
of patients with localized expression of multisystem
disorders, for genetic counseling, and for molecular
diagnostic testing.!2
Tuberous sclerosis is an autosomal dominant dis-
order characterized by the development of unusual
tumor-like growths (hamartomas) in multiple or-
gans.®* Arguably the most important hamartomas
are cerebral cortical tubers, which are regions of ab-
normal cortical architecture with distinctive large
neuronal cells. Cortical tubers cause some of the
most important clinical manifestations of tuberous
sclerosis: epilepsy, mental retardation, and abnormal
behavior including autism.?5¢ Other hamartomatous
lesions in tuberous sclerosis include subependymal
nodules, facial angiofibromas, subungual fibromas,
forehead plaques, shagreen patches, cardiac rhabdo-
myomas, and renal angiomyolipomas and cysts. The
incidence of tuberous sclerosis is 1 in 6000 births,
and about two thirds of cases are sporadic, occurring
in the absence of a family history of the disorder.”8
Mutations in one of two genes, TSCI and TSC2,
cause tuberous sclerosis.®!0
We describe a patient with severe tuberous sclero-
sis in whom a mutated 7SCI allele was present in
only one third of leukocytes and in different propor-
tions in other tissues. This case report illustrates the
importance of considering mosaicism in many clini-
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cal settings and the limitations of molecular diag-
nostic methods, including complete gene sequenc-
ing, for the detection of mosaicism.

CASE REPORT

An infant girl weighed 3000 g when born at term. Her mother
was 20 years old, and her father was 24 years old; both were
healthy. The baby’s development was normal until the age of 18
months, when myoclonic seizures occurred, which were treated
with corticotropin. Although the seizures stopped, the child sub-
sequently learned few additional words and withdrew from inter-
action with her parents and others. At the age of 12 years she be-
gan to have absence seizures, and she was seen at a tertiary center
to assess whether a genetic disease was present. Evaluation re-
vealed a normal body habitus but limited activity and diminished
social interaction. The child spoke simple sentences and could
not read or count, but she could obey simple commands. On for-
mal testing, the IQ score was less than 40. Several angiofibromas
were present in the malar regions. Magnetic resonance imaging
and computed tomography of the brain showed several calcified
subependymal nodules, two large cortical tubers — one of which
was calcified — and many smaller cortical tubers (Fig. 1). The re-
sults of renal ultrasonography, echocardiography, and retinal ex-
amination were all normal.

METHODS

Leukocyte DNA from the patient was included in a set of DNA
samples from 161 patients who met formal diagnostic criteria for
tuberous sclerosis.* These samples were screened for mutations in
the TSCI1 gene by heteroduplex analysis of all coding exons after
amplification with the polymerase chain reaction (PCR).%!! All
patients or their parents gave informed consent, and the study
was approved by the human research committee of Brigham and
Women’s Hospital.

Heteroduplex analysis is a method for the detection of varia-
tions in DNA sequences that depends on the different patterns of
migration during electrophoresis of DNA duplexes that are mis-
matched at one or more internal nucleotides (Fig. 2). We used
conformation-sensitive gel electrophoresis!! followed by SYBR
Green I or silver staining to identify heteroduplexes. Sequencing
was performed with 7iag polymerase in cycle sequencing with
32P-labeled oligonucleotide primers. The PCR products were sub-
cloned into pUC18. Multiple pairs of oligonucleotide primers
were used to detect the wild-type allele and the mutant allele with
a deletion of the adenine (A) and cytosine (C) residues at position
2122 (2122delAC) in hybridization.

The fraction of heteroduplexes formed was quantified by digi-
tal gel scanning with a Fluorimager and analysis with Im-
ageQuant (Molecular Dynamics). The fraction of heteroduplexes
was converted to the fraction of mutant alleles per cell in the
DNA according to the following formula: m=1-v1-2Xh,
where m is the degree of mosaicism and h is the heteroduplex
fraction. This equation reflects the fact that more mutant alleles
form heteroduplexes as the fraction of mutant alleles decreases.

RESULTS

Amplification of exon 15 of TSCI of the patient’s
leukocyte DNA demonstrated a heteroduplex shift
(Fig. 2) suggestive of a mutation, but the intensity
of the heteroduplex bands was less than that in
DNA samples from other patients, including a pre-
viously described patient with tuberous sclerosis with
an identical heteroduplex shift® (Fig. 3A). Sequence
analysis of the patient’s amplified exon 15 initially
demonstrated no changes, but closer inspection re-
vealed weak additional bands, suggestive of the pres-
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Figure 1. Computed Tomographic and Magnetic Resonance Imaging Scans of the Brain in a Patient

with Tuberous Sclerosis.

In Panels A and B, computed tomographic scans show four calcified subependymal nodules (white
arrows) and a calcified tuber (black arrow). In Panels C and D, magnetic resonance imaging scans

show multiple tubers (arrows).

ence of mosaicism, with a reduced contribution of
the mutant allele (Fig. 3B). The mutation appeared
to be 2122delAC, identical to that found in the oth-
er patient with the same but more intensely staining
heteroduplex shift.

To confirm this impression, we cloned the ampli-
fied product of exon 15 into a plasmid vector and
analyzed the clones by hybridization. Two of 49
clones (4 percent) hybridized to a mutant-specific
oligonucleotide, and sequencing confirmed that they
contained the 2122delAC mutation (Fig. 3B). This
deletion changes the TSCI1 protein sequence after
amino acid residue 634 and truncates it at residue
685; in contrast, the normal TSC1 protein has 1164
residues. This mutation is therefore an inactivating
one, like other TSCI mutations.” No other abnor-
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mality was found during sequence analysis of multi-
ple clones.

To explore the extent of mosaicism in different tis-
sues of this patient, we amplified exon 15 in DNA
prepared from urine, hair roots, and buccal mucosa
(Fig. 3C). DNA from urine and hair roots formed
heteroduplexes, indicating that they contained the
mutant allele. However, a sample of buccal-mucosa
DNA had no heteroduplex product, suggesting that
the mutant allele was absent in that sample. As expect-
ed, corresponding samples from the patient’s father
and mother showed no heteroduplex formation.

To confirm and quantify these findings, we used
PCR to amplify the region with the mutation with
cight different pairs of flanking primers, and we an-
alyzed both the original set of DNA samples and a
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Figure 2. Heteroduplex Analysis of Amplified DNA Fragments.

PCR products consist of perfectly matching strands of complementary DNA that reflect the sequence
of a person’s DNA. When there is a sequence difference between the two alleles in a person’s DNA —
in this example, which was identified in our patient, A and C are deleted in one allele — the comple-
mentary strands can hybridize to each other, yielding two different heteroduplex molecules. The ab-
sence of the two bases in one strand causes the two unpaired bases to flip out of the helix, leading to
kinking at that point and a different pattern of migration during electrophoresis.

second set. We then assessed the extent of heterodu-
plex formation in a quantitative manner (a represen-
tative gel is shown in Fig. 3D). The DNA sample from
the patient with the same mutation as the index pa-
tient but without mosaicism had a mean (£SD) het-
eroduplex fraction of 0.5120.04 (eight samples), as
compared with a predicted value of 0.50. The het-
eroduplex fraction in leukocyte DNA from the index
patient was 0.29+0.04 (eight samples), which cor-
responds to a frequency of the mutated allele of 0.35.
DNA samples from other sites had heteroduplex frac-
tions ranging from 0.11 to 0.33, corresponding to a
frequency of the mutated allele ranging from 0.12
to 0.42.

DISCUSSION

Our patient had severe tuberous sclerosis charac-
terized by seizures, mental retardation, and facial an-
giofibromas (the Vogt triad?), as well as by abnor-
malities on magnetic resonance imaging of the brain,
and an inactivating mutation in the 7SCI gene. How-
ever, the mutation was present in only about one
third of leukocytes. Its frequency in uroepithelial
DNA and hair-root DNA varied, and it was unde-
tectable in one sample of buccal-mucosa DNA. These
observations have implications with respect to both
the pathogenesis of tuberous sclerosis and genetic
diagnosis and counseling for this and other genetic
disorders in which mosaicism occurs.

Tuberous sclerosis belongs to the family of tumor-
suppressor—gene syndromes. Affected patients typi-
cally have one inactivating mutation in either the
TSC1 or TSC2 gene in all germ-line and somatic
cells. Many renal angiomyolipomas in these patients
have a loss of heterozygosity (allelic loss) in either
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the TSCI or the TSC2 genomic region, consistent
with the occurrence of a “second hit.”1214 A lower
frequency of allelic loss has also been demonstrated
in other hamartomas in these patients, but this dif-
ference may reflect the mechanism by which alleles
are inactivated.!® In our patient, all four types of tis-
sue that were examined showed mosaicism, suggest-
ing that mosaicism is present in all organs and tis-
sues. Since this patient had cortical tubers and facial
angiofibromas typical of tuberous sclerosis, our find-
ings suggest that a hamartomatous lesion can occur
if even a small proportion of cells in an organ have
a TSCI mutation. This observation is consistent
with the two-hit hypothesis for the development of
hamartoma in patients with tuberous sclerosis.

The clinical presentation of tuberous sclerosis is
highly variable, but the disorder is usually consid-
ered fully penetrant.3416 Segmental expression of the
phenotype is known to occur, with manifestations
limited to the brain, kidney, or one side of the face,
but the TSCI and TSC2 mutations in such cases
have not been characterized.!”1* There have also been
several reports of patients with mosaicism for 7SC2
mutations,222 but these patients have had milder
clinical findings than the patient described here or
have had tuberous sclerosis and polycystic kidney
disease.2!

Our case report points out a serious potential
problem in the genetic diagnosis of tuberous sclero-
sis and other disorders caused by spontaneous muta-
tions. Since two thirds of the cases of tuberous scle-
rosis are sporadic, a substantial fraction could involve
mosaicism. Our results demonstrate that it is possible
for a TSCI mutation to be present at low frequency
in leukocyte DNA, despite the presence of severe dis-
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Figure 3. Demonstration of the 2122delAC Mutation and Mosa-
icism in the Patient.

In Panel A, heteroduplex analysis of amplified exon 15 of leu-
kocyte DNA from the patient, her father and mother, and a con-
trol patient with tuberous sclerosis and the same mutation but
no mosaicism shows heteroduplex bands in the samples from
both patients (arrowheads). The staining of the heteroduplex
bands from the case patient is less intense than that of the
bands from the control patient. In Panel B, sequence analysis
of amplified exon 15 of leukocyte DNA from the patient shows
weak additional bands shifted down by 2 bp (arrowheads). The
corresponding wild-type sequence, with the bases that were
deleted in the mutant sequence indicated by arrowheads, and
that of the mutant allele after cloning are also shown. Panel C
shows the results of heteroduplex analysis of PCR products of
urine, hair root, buccal mucosa, and leukocyte DNA from the
patient, her father and mother, and the same control patient as
shown in Panel A. No heteroduplexes are seen in the buccal-
mucosa DNA product. Panel D shows the heteroduplex prod-
ucts derived from several sites, quantified according to the
fraction of heteroduplexes and the fraction of mutated alleles
(mosaicism). The buccal-mucosa samples differ in Panels C
and D. The lanes in Panel D labeled “Control+normal” refer to
admixtures of specimens from the patient with the same mu-
tation but without mosaicism and a normal subject.

ease. Our method of screening for mutations was a
relatively sensitive method for the detection of muta-
tions in the presence of mosaicism. Because of the
low frequency of the mutant allele, our patient’s mu-
tation probably would not have been detected by di-
rect sequencing of the exons of TSCI — a method
that is often considered the gold standard for the de-
tection of mutations.2? Moreover, the extent of so-
matic mosaicism in different tissues may vary to such
a degree that no mutant alleles are present in leuko-
cytes, whereas they are present in moderate amounts
in other organ systems affected by tuberous sclerosis,
particularly the brain. The failure to detect mosa-
icism could help explain why relatively few TSCI and
TSC2 mutations have been identified to date in pa-
tients with tuberous sclerosis, 112426 despite moder-
ately intensive screening efforts.
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