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Abstract Tuberous sclerosis (TSC) is an autosomal
dominant disorder caused by mutations in either of two
genes, TSC1 and TSC2. Point mutations and small
indels account for most TSC1 and TSC2 mutations. We
examined 261 TSC DNA samples (209 small-mutation-
negative and 52 unscreened) for large deletion/duplica-
tion mutations using multiplex ligation-dependent
probe ampliWcation (MLPA) probe sets designed to
permit interrogation of all TSC1/2 exons, as well as 15–
50 kb of Xanking sequence. Large deletion/duplication
mutations in TSC1 and TSC2 were identiWed in 54
patients, of which 50 were in TSC2, and 4 were in

TSC1. All but two mutations were deletions. Only 13
deletions were intragenic in TSC2, and one in TSC1, so
that 39 (73%) deletions extended beyond the 5�, 3� or
both ends of TSC1 or TSC2. Mutations were identiWed
in 24% of small-mutation-negative and 8% of
unscreened samples. Eight of 54 (15%) mutations were
mosaic, aVecting 34–62% of cells. All intragenic muta-
tions were conWrmed by LR-PCR. Genotype/pheno-
type analysis showed that all (21 of 21) patients with
TSC2 deletions extending 3� into the PKD1 gene had
kidney cysts. Breakpoints of intragenic deletions were
randomly distributed along the TSC2 sequence, and
did not preferentially involve repeat sequence ele-
ments. Our own 20-plex probe sets gave more robust
performance than the 40-plex probe sets from MRC-
Holland. We conclude that large deletions in TSC1 and
TSC2 account for about 0.5 and 6% of mutations seen
in TSC patients, respectively, and MLPA is a highly
sensitive and accurate detection method, including for
mosaicism.
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Introduction

Tuberous sclerosis (TSC, MIM#191100) is a relatively
common (birth incidence 1 in 6,000; Osborne et al.
1991) autosomal dominant genetic disorder in which
hamartomas and hamartias are found in multiple organ
systems, including brain, skin, heart, lungs, and kidneys
(Curatolo 2003; Gomez et al. 1999; Kwiatkowski 2004).
It is due to inactivating mutations in either of TSC1
(MIM#605284) or TSC2 (MIM#191092), and follows a
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two hit tumor suppressor molecular pathogenesis in
most hamartomas.

Two-thirds of TSC patients present as sporadic cases
with no family history, and are due to new mutations
occurring in either of TSC1 or TSC2 (Consortium
1993; van Slegtenhorst et al. 1997). TSC1 consists of 23
exons, with total genomic extent 53 kb, and coding
region of 3.5 kb; while TSC2 consists of 41 exons with
total genomic extent 40 kb, and coding region of
5.4 kb. Mutations in TSC2 are four to Wvefold more
common than in TSC1 among TSC patients, particu-
larly in sporadic cases, while TSC1 mutations are
roughly equally common as TSC2 mutations in large
TSC families (Dabora et al. 2001; Jones et al. 1999;
Sancak et al. 2005). This is consistent with the observa-
tion that TSC1 patients have milder overall severity
than TSC2 patients (Dabora et al. 2001; Jones et al.
1999; Sancak et al. 2005).

Multiple TSC patients with large genomic deletions
and rearrangements in TSC2 have been identiWed (Au
et al. 1997; Brook-Carter et al. 1994; Dabora et al.
2000, 2001; Jones et al. 1999; Langkau et al. 2002;
Longa et al. 2001), and indeed one such patient was
instrumental in the identiWcation of TSC2 (Consortium
1993). On the other hand, genomic deletions and dupli-
cations in TSC1 are much less common, although sev-
eral have been identiWed in recent reports (Longa et al.
2001; Nellist et al. 2005). In addition, the observed fre-
quency of TSC2 large deletions/duplications may have
been biased upward by the association of some TSC2
deletions, those involving the adjacent PKD1 locus,
with early onset and progressive polycystic kidney dis-
ease, leading to enhanced reporting of such individuals
and mutations (Brook-Carter et al. 1994; Martignoni
et al. 2002; Sampson et al. 1997).

Recently, multiplex ligation-dependent probe
ampliWcation (MLPA) has been developed as a novel
method for the detection of exonic deletions in multi-
ple human disease genes (Schouten et al. 2002). This
method utilizes an oligonucleotide ligation assay with
embedded universal primer sequences to permit rela-
tively uniform ampliWcation of multiple (up to 40)
regions in the genome, which enables accurate copy
number determination of those genomic regions. Here
we apply both commercially available TSC1 and TSC2
MLPA probe sets as well as our own homemade probe
sets to enable comprehensive analysis of all exons
within TSC1 and TSC2 for deletions and duplications.
These assays were applied to a large collection of TSC
patients, the majority of which had previously under-
gone thorough analysis for small mutations within
TSC1 and TSC2. All intragenic deletions and duplica-
tions were conWrmed by long range PCR (LR-PCR)

studies. This permits a comprehensive view of the fre-
quency and extent of genomic deletions and duplica-
tions within TSC1 and TSC2, and their association with
various clinical features of the disease.

Materials and methods

TSC patients

The 261 TSC patient DNA samples we studied were
derived from four sources: two TSC clinics in Cincin-
nati and Warsaw (n = 48 and 82, respectively); a TSC
mutational diagnostic referral center in Houston, TX,
USA (n = 112); and mail-in requests for TSC mutation
detection directed to DJK (n = 19). All TSC samples
analyzed were derived from patients who met clinical
criteria for a diagnosis of TSC. DNA was isolated from
blood samples. Local informed consent was obtained
from all patients, and coded numbers were used to
label DNA samples. All studies were approved by the
IRBs of the relevant institutions.

Eighty-seven of these samples were derived from a
previous collection of TSC samples in which compre-
hensive small mutation detection was performed using
DHPLC (Dabora et al. 2001). All samples for which
adequate DNA remained from this previous analysis,
and which were small-mutation-negative were included
in the current analysis. Ten of those samples were
thought to have deletions based upon previous analysis
by LR-PCR or quantitative PCR with 3–4 primer sets
(Dabora et al. 2000, 2001). Similarly, 94 of the samples
from Houston were derived from a set of 347 samples
screened for small mutations by comprehensive rese-
quencing, and found to be negative. Two of those sam-
ples were thought to have deletions based upon
previous Southern blot analysis (Au et al. 1997).
Twenty-eight samples had been screened for small
mutations by Athena Diagnostics Inc., Worcester, MA,
USA. Fifty-two samples were studied in which other
forms of mutation screening had not been performed.

Information on clinical phenotype of these patients
was collected with the clinical investigator blinded as to
deletion extent and gene involved. We used a TSC
phenotype data instrument previously designed for this
purpose (Dabora et al. 2001), that included informa-
tion on epilepsy, developmental delay/autism, mental
retardation, hypomelanotic macules, facial angioWb-
roma, Shagreen patch, ungual Wbroma, forehead
plaque, subependymal nodules and giant cell astrocy-
tomas, tubers, kidney cysts and angiomyolipoma, liver
angiomyolipoma, retinal lesions, cardiac rhabdomy-
oma, and lymphangioleiomyomatosis. Renal cystic
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disease was graded by ultrasound examination as:
grade 1: 1–2 small cysts, <2 cm diameter; 2: >2 small
cysts, <2 cm diameter; 3: >2 cysts, at least 1 >2 cm; and
4: classic PKD.

Multiplex ligation-dependent probe ampliWcation 
(MLPA)

Multiplex ligation-dependent probe ampliWcation was
performed following the directions provided by MRC-
Holland, Amsterdam, The Netherlands (www.mlpa.
com), using one probe set for TSC2 (SALSA MLPA
kit P046 vs. 04) covering 31 of the 41 exons, and one
probe set for TSC1 (SALSA MLPA kit P124 vs. 01)
covering 16 of the 23 exons (Schouten et al. 2002).
BrieXy, 5 �l genomic DNA (20 ng/�l) was incubated at
98°C for 5 min and then after cooling to room tempera-
ture mixed with 1.5 �l of probes mix (containing
1.5 fmol of each probe) and 1.5 �l of SALSA hybridiza-
tion buVer, denatured at 95°C for 2 min and hybridized
at 60°C for 16 h. Hybridized probes were ligated at
54°C for 15 min by addition of 32 �l ligation mixture.
Following heat inactivation, 10 �l of ligation reaction
was mixed with 30 �l of PCR buVer, heated to 60°C,
mixed with 10 �l PCR mixture (Salsa polymerase,
dNTPs, and universal primers, one of which was
labeled with Xuorescein) and subjected to PCR ampliW-
cation for 30 cycles. All reagents except probe mixes
for homemade MLPA sets were from MRC-Holland.

AmpliWcation products were 10£ diluted in HiDi
formamide (ABI, Foster city, CA, USA) containing
1/16 volume of ROX500 size standard (ABI) and then
were separated by size on an ABI 3100 Genetic Ana-
lyzer (ABI) (Supplemental Fig. 1). Electropherograms
were analyzed by GeneMapper v3.5 (ABI), and peak
height data were exported to an Excel table (pilot anal-
ysis showed equivalent results using peak area data).
Excel programs were generated (available upon
request) to transform the peak height data to normal-
ized values, such that control samples gave a value of 1
after normalization. BrieXy, peak heights for each
probe were divided by the average signal from three or
more control probes (located on diVerent chromo-
somes), and then that value was divided by a similar
value calculated from reference samples. We used the
average values from four to eight reference samples
without deletion in TSC1/TSC2 processed concurrently
for each analysis.

Multiplex ligation-dependent probe ampliWcation
results for which the SD of normalized signal for all
probes was >0.15 were considered uninterpretable.
When this occurred, the MLPA analysis was repeated,
and when seen repeatedly, such DNA samples were

not considered further. Preliminary results showed that
the quality of DNA strongly inXuenced MLPA results
so that all samples that showed signs of degradation
were removed before screening. Each sample was
successfully analyzed for at least one MLPA set for

Fig. 1 TSC1 deletion mutations. Map of TSC1 and Xanking re-
gion. Exons are indicated by vertical lines with proportional spac-
ing, and numbering of selected exons. Long thick and short thin
black lines indicate the position of homemade and MRC-Holland
probes, respectively. Each deletion is represented by a black hor-
izontal line, indicating the minimum deleted region. Gray lines
indicate possible extent to the next undeleted probe for those
deletions not conWrmed by breakpoint sequencing
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each of TSC1 and TSC2; 93% were analyzed success-
fully for all four probe sets. 2.3, 0, 6.1, and 0.4% of sam-
ples were not interpretable for the TSC1 MRC-
Holland, TSC1 homemade, TSC2 MRC-Holland and
TSC2 homemade probe sets, respectively.

MLPA assay design

Multiplex ligation-dependent probe ampliWcation
probe sets were designed for each of TSC1 and TSC2,
to expand the coverage beyond that contained in the
MRC-Holland probe sets. The homemade TSC1 probe
set consisted of 18 genomic regions: 7 TSC1 exons not
included in the MRC-Holland set; TSC1 exons 15 and
23 (duplicate coverage for these relatively large exons);
3 genomic regions extending 16 kb 5� of TSC1 exon 1; 3
genomic regions extending 15 kb 3� of the stop codon
of TSC1; and 3 genomic regions on diVerent chromo-
somes to serve as controls (Supplemental Table 1). The
homemade TSC2 probe set consisted of 20 genomic
regions: 10 TSC2 exons not included in the MRC-Hol-
land set; TSC2 exon 33 (duplicate coverage for a large
exon); 3 genomic regions extending 16 kb 5� of TSC2
exon 1; 3 genomic regions extending 50 kb 3� of the
stop codon; and 3 control probes (the same as for
TSC1) (Supplemental Table 2). These homemade
probe sets were designed to generate ampliWcation
products in the range of 90–156 bp, with 18 and 20
probes for TSC1 and TSC2, respectively. Linker
regions in each of these probe sets were designed to
generate products diVering in size by 3 bp for those of
size 90–120 bp, and by 4 bp for those of size >120 bp.
One TSC2 probe (a 3� Xanking probe located 14 kb
from TSC2) gave variable results, possibly due to
genetic variation, and was not considered during
analysis.

Each probe was composed of two 5� and 3� half-
probes, each containing unique target speciWc
sequence, stuVer sequence and universal primer
sequences on their 5� and 3� ends, respectively (Scho-
uten et al. 2002) (Supplemental Tables 1, 2). All probes
were synthesized at 100 nM scale and puriWed by
PAGE (IDT, Skokie, IL, USA). To allow ligation 3�

half-probes were synthesized with 5� phosphate. Tar-
get-speciWc sequences were designed in areas free of
repeat elements (RepeatMasker Bedell et al. 2000) and
SNPs (dbSNP and our previous observations Dabora
et al. 2001) and their melting temperature was deter-
mined by RaW-Probe v. 0.15 b using the Go-Oli-Go
algorithm (http://www.mrc-holland.com/). Target
sequences were designed to consist of at least 21 nt and
have a melting temperature of 71 § 2°C, when possible
(Supplementary Tables 1, 2). The unique nature of

each target speciWc sequence was veriWed by BLAST
comparison (BLASTN algorithm with Expect = 1 and
without Wltering) with reference to human genome
sequence. StuVer sequences were included in both half-
probes such that all half-probes had length <78 nt. Por-
tions of the same M13 sequence (AC# V00604) were
used to generate each of the stuVer sequences. Univer-
sal primer sequences were identical to those in the
commercial MLPA kits (MRC-Holland) (Schouten
et al. 2002).

All DNA samples showing evidence for a deletion
were conWrmed in a second MLPA run using the same
primers. In addition, all intragenic and several other
deletions were conWrmed by LR-PCR and sequencing
of the breakpoint junction.

LR-PCR methods and sequence analysis 
of breakpoints

Selected apparent deletions detected by MLPA were
conWrmed by LR-PCR using LA PCR 2.1 kit (TaKaRa,
Shiga, Japan). PCR reactions used a combination of
primers located outside the deleted region under con-
ditions recommended by the manufacturer. PCR prod-
ucts representing deleted alleles were either directly
sequenced or gel-puriWed and then sequenced. For two
apparent duplications, primers from the 5� and 3�

extents of the duplications were similarly used for LR-
PCR conWrmation and identiWcation of the breakpoint.

Statistical analyses

For apparent mosaic deletions, the relative signal
intensities for deleted versus non-deleted probes were
compared using the one sided unpaired t-test (Statis-
tica StatSoft, Tulsa, OK, USA). P < 0.001 was consid-
ered signiWcant.

To assess whether the observed distribution of
breakpoints within each inter-probe segment across
the TSC2 gene departed signiWcantly from what would
be expected if breakpoints had been randomly scat-
tered at uniform density, we used a simulation method
implemented in Python (http://www.python.org).
Under the null hypothesis of uniform distribution, we
simulated the total observed number of breakpoints,
scattering them across the entire physical length of the
region using a uniform distribution from a pseudo-ran-
dom number generator (Matsumoto and Nishimura
1998). In each simulation run, we counted the number
of simulated breakpoints that fell into each inter-probe
region. We performed 100,000 simulations to obtain
the empirical distribution of breakpoint counts within
each of the inter-probe regions under the null hypothesis.
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Using these distributions, we determined the probabil-
ity of the observed number of breakpoints within each
inter-probe region. Since we tested 41 inter-probe
intervals, we used the false discovery rate (FDR)
method, to control family wise error over these 41
tests, keeping the FDR at or below 0.05 (Benjamini
and Hochberg 1995).

To assess potential correlations between clinical fea-
tures and the extent and/or mosaic nature of the dele-
tion mutations we identiWed, we used Fisher’s exact
test for 2 £ 2 contingency table analyses, the Mann–
Whitney test for categorical variables, and the Student
t-test for quantitative variables (such as age of onset
and tuber number), using GraphPad Prism v. 4 (Graph-
Pad Software, San Diego, CA, USA).

Results

Deletion screening

We screened 261 TSC patient DNA samples for large
genomic deletions and duplications, using two sets of
MLPA assays for each of TSC1 and TSC2. One assay
for each gene consisted of the commercially-available
MRC-Holland probe set. The second assay for each
gene was a novel set of MLPA probes (oligonucleo-
tides) that we generated (see Methods for details, Sup-
plemental Tables 1, 2). Together the two assays for
each gene provided coverage of all of the exons, and
included 6 ampliWcation products derived from adja-
cent genomic regions, 3 on the 5� side and 3 on the 3�

side of each gene (Figs. 1, 2).
The MLPA assay products, which were Xuorescently

labeled, were size-separated on an ABI 3,100 capillary
sequencer. Fluorescent output was captured and quan-
tiWed according to peak size, and this raw data was nor-
malized by comparison to a set of reference samples
(Supplemental Figs. 1, 3). Samples with deletions typi-
cally had normalized signals that were about 0.50 for
several probes, corresponding to the exons present in
the deletion. To compare the performance of these 4
MLPA sets, 23 DNA samples were examined using all
4 in parallel. The average signal for non-deleted and
deleted probes were very similar for all 4 assays, and
was very close to 1 and 0.5, respectively, as expected.
However, the SD was higher for the MRC-Holland
probe sets (0.09 for all probes and 0.1 for control
probes only) than for our homemade probe sets (0.05
for all and control probes only). Considering probe sig-
nals consistent with non-mosaic deletion (see below),
SDs were again higher for the MRC-Holland probe
sets than for our homemade probe sets (0.07 and 0.06

vs. 0.04 and 0.03, respectively). In addition, 4 and 2
MLPA analyses for the MRC-Holland TSC1 and TSC2
probe sets, respectively, were not interpretable due to
a SD > 0.15; while only 1 homemade probe set analysis
was not interpretable. These quantitative results are
consistent with our general observation that our home-
made probe sets were more robust and easier to inter-
pret than the MRC-Holland probe sets.

All MLPA assays that gave results suggestive of a
deletion were repeated at least once for conWrmation.
Since we used two diVerent probe sets for each gene,
this provided additional conWrmation since multi-exon
deletions were the rule (see further below).

Deletion/duplication results

Fifty-four of 261 (21%) TSC DNA samples screened
by MLPA were found to have deletions/duplications in
either TSC1 or TSC2 (Figs. 1, 2). Only two of the sam-
ples showed evidence for a genomic duplication muta-
tion (both in TSC2), while all others were deletions.
Considering only those samples previously screened
for small mutations, 50 of 209 (24%) were found to
have deletions or duplications. Fifty (93%) of the
mutations were found in TSC2; while 4 (7%) deletions
were found in TSC1.

Considering the 48 TSC2 deletions, 13 (27%) were
intragenic in extent, 13 (27%) had size less than 10 kb,
and 4 (8%) were deletions of a just a single exon (1, 10,
12, and 15) (Fig. 2). Twenty-one (44%) extended into the
genomic region 5� to TSC2, while 24 (50%) extended
into the PKD1 gene 3� to TSC2. Ten (21%) of deletions
extended into both the 5� and 3� regions outside of TSC2;
of which 3 (6%) extended beyond the entire length of the
MLPA probes used here, over 104 kb.

Considering the four TSC1 deletions, only one was
intragenic in extent, measuring 2.3 kb (Fig. 1). One
extended into the region 3� to TSC1; one extended into
the 5� region of TSC1; and one extended beyond the
gene in both directions, over 80 kb.

Eight of the DNA samples analyzed showed evi-
dence for mosaicism (seven deletions and one duplica-
tion), with average normalized probe signals of 0.69–
0.83 for the deletions, and 1.19 for the duplication, for
multiple adjacent exons (Fig. 3), in contrast to
expected values of 0.5 and 1.5. These Wndings were
repeated at least twice for conWrmation and were con-
sistent. For all of these mosaic cases, the diVerence in
signal between probes showing a deletion and those
not showing a deletion was very signiWcant, using the
t-test, with P < 10¡3. In addition, 6 of 8 mosaic muta-
tions were seen using both homemade and MRC-Hol-
land probe sets, due to the extent of the deletion, and
123
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comparison using the combined data was highly signiW-
cant, with P < 10¡7. These values were also signiWcantly
diVerent from the expected value of 0.5 (1.5 for dupli-
cations), as well as the observed values in heterozygous
deletions/duplication (P < 0.0001 for both compari-

sons, by t-test). The probe signals seen correspond to
mosaicism at 34–62%.

Five DNA samples appeared to have a TSC2 single
exon deletion (two in exon 10, three in exon 34) based
upon MLPA analysis with the MRC Holland probe set.

Fig. 2 TSC2 deletion/duplication mutations. Top, map of TSC2
and Xanking region. Exons are indicated by vertical lines with pro-
portional spacing, and numbering of selected exons. Long thick
and short thin black lines indicate the position of homemade and
MRC-Holland probes, respectively. Each deletion is represented
by a black horizontal line, indicating the minimum deleted region.
Gray lines indicate possible extent to the next undeleted probe

for those deletions not conWrmed by breakpoint sequencing. Two
duplications are shown at the bottom with black lines indicating
the size of the duplicated region and an arrow showing the posi-
tion of insertion (both duplications were conWrmed by LR-PCR/
sequencing). Mosaic mutations are indicated by asterisks. Bot-
tom, the number of internal TSC2 deletion breakpoints and their
normalized frequency (/kb) in each intron
123
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Upon sequence analysis of these exons, the samples
were found to have small mutations either overlapping
the ligation site (a 4 bp deletion, seen twice) or located
¡2 or ¡11 nucleotides from the ligation site (two single
base substitutions, seen once or twice).

Analysis of breakpoints

To provide deWnitive conWrmation of MLPA results,
we identiWed junction breakpoints for all intragenic
deletions of each gene, as well as several additional
deletions that did not extend beyond the MLPA probe
sets used here (Supplemental Table 3). This was done
by long range PCR analysis using primers external to
the range of deletion as deWned by MLPA. Twenty of
52 (including four mosaic) DNA samples with appar-
ent deletions by MLPA analysis, as well as both dupli-
cations (one mosaic), were conWrmed by this means.

Breakpoint sequencing demonstrated that there was
no apparent pattern or consistency to the sites and
sequences involved in these genomic rearrangements.
Most strikingly, 3 of 20 deletions were not simple dele-
tions, but included transposition of DNA from other

genomic regions or inversion of short DNA sequences
nearby the deletion (Fig. 4, Supplemental Table 3).
Similar complex deletions have been reported recently
in the CFTR gene (Ferec et al. 2006 and references
therein). In 14 of 20 deletions, the breakpoints
occurred at short repeats of 2–7 nucleotides that
appeared to have mediated the deletion event. In two
other deletions occurring in Alu sequences, exact
repeats of 9 and 21 nt were seen. In addition, one
duplication also had an overlapping 8 nt element on
both ends of the duplicated sequence. Although the
TSC2 gene consists of 24% repetitive sequence, of
which 17% is Alu sequence, only 3 of 19 (16%) cloned
TSC2 deletion breakpoints were found to consist of
Alu elements, and in one of these the Alu sequences
had opposite orientations. These observations indicate
that Alu-mediated unequal homologous recombina-
tion events represent a minor contribution to TSC2
deletions.

Analysis of the distribution of the breakpoints,
whether cloned or inferred by the precise exon limits
from MLPA, was also performed. To determine
whether there were regions in TSC2 that were hotspots

Fig. 3 Mosaic mutations in TSC2. Normalized peak height
graphs are shown for 7 TSC DNA samples (a–g). Each bar repre-
sents the normalized peak height for the probe indicated on the
X-axis (c1–c9 are controls, e1–e41 are TSC2 exons, 5�1–5�3 and
3�1–3�3 are 5� and 3� Xanking probes, respectively). The heavy
black lines indicate probes with reduced or increased signal. a
Graphs for both homemade and MRC-Holland TSC2 probe set

results. b–g Graphs for homemade TSC2 probe set results. a–f
Graphs show mosaic deletions, while g is a non-mosaic deletion.
Insets in each graph show the average normalized peak height for
non-deleted (Ref sign.) and deleted/inserted (Mut sign.) probes
with P-value (t-test) for the comparison. For A, statistics for the
combined analysis is also shown. Asterisks indicate mutations
conWrmed by LR-PCR/sequencing
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for deletion events, we compared the distribution of
breakpoints among the 41 inter-probe intervals with a
random distribution of breakpoints obtained by simula-
tion (Fig. 2). Five inter-probe regions appeared some-
what enriched in breakpoints with nominal P < 0.05.
However, none of these remained signiWcant after
correction for multiple testing by the FDR method
(Benjamini and Hochberg 1995). The most signiWcant
enrichment for breakpoints was seen in the inter-probe
interval containing intron 29, which contained six break-
points (P = 0.002, prior to correction). This intron has
length 1.4 kb and contains one AluY and one MLT1B
repeat element. We also observed that there was a good
correlation between number of breakpoints and inter-

probe interval size (R = 6.6, P = 0.000003). Together
these results indicate there is a random distribution of
breakpoints in TSC2, without a marked hotspot.

This formal analysis could not be performed for TSC1,
as they were only four intragenic breakpoints, each of
which was found in a diVerent inter-probe interval
(introns 1, 4, 20, and 3�UTR). Only one of these occurred
in TSC1 intron 20, previously reported as a hotspot for
TSC1 genomic rearrangements (Longa et al. 2001).

Genotype-phenotype correlations

We also examined the potential association between
various aspects of clinical phenotype (Dabora et al.

Fig. 4 Complex mutations in 
TSC2. Diagrams of four com-
plex mutations in TSC2 are 
shown. Exons and introns are 
indicated, and nucleotides are 
numbered from the 1st nucle-
otide of exon 1. The top sam-
ple has a 23,515 bp deletion 
(exons 1–12 of TSC2) with 
insertion of a 37 bp sequence 
from PKD1. The second sam-
ple has a 7,942 bp deletion 
(exons 30–41 of TSC2) with 
retention of an inverted 74 bp 
region from the middle of the 
deleted region. The third has a 
2,748 bp deletion (exons 26–
29 of TSC2), with inversion of 
the adjacent 143 bp. The 
fourth is an insertion of 
770 bp, exons 39–41 of TSC2, 
into intron 36 of TSC2. Se-
quence elements having a po-
tential role in these complex 
rearrangements are shown
123
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2001) and extent and type of deletion in the TSC2
gene. First, we compared clinical manifestations (see
Methods for details) between patients whose deletion
extended into the 5� region of the TSC2 gene (n = 21)
with all others (n = 33). There were no signiWcant
diVerences in clinical features between these two
groups, while their ages were similar (median age 9 for
each subset; P = 0.89 by t-test). Second, we compared
clinical manifestations between patients whose dele-
tion extended into the 3� region of TSC2, involving
PKD1 (n = 24), with all others (n = 30). Similar to pre-
vious observations (Sampson et al. 1997), we found
that renal cystic disease was signiWcantly more com-
mon in subjects whose deletions extended into the
adjacent PKD1 gene. All 21 PKD1 deletion patients
had kidney cysts, while only 8 of 25 of all other patients
had kidney cysts (P < 10¡4). Furthermore, the average
grade of renal cysts in the PKD1 deletion group was
2.9, in comparison to 1 (indicating minimal involve-
ment, see Methods) for the non-PKD1 deletion group
(P = 0.0008); and renal function was below normal in 4
of 14 (29%) of the former compared with 0 of 15 in the
latter subgroup (P = 0.04). In addition, the PKD1 dele-
tion subgroup of patients were somewhat younger than
the non-PKD1 subgroup (median ages 9 vs. 11, respec-
tively; P = 0.10 by t-test).

The eight patients who had mosaic deletions/dupli-
cations consisted of seven women and one man
(P = 0.07), and had somewhat milder TSC manifesta-
tions than the other subjects. Four of 7 (57%) mosaic
subjects had epilepsy compared to 41 of 45 (91%) non-
mosaic subjects (P = 0.04). Other comparisons were
not statistically signiWcantly diVerent, at least partially
due to the small number of mosaic cases available. To
compensate for this lack of power, we used the paired
t-test to compare each of the clinical features for these
two sets of subjects. In this analysis, mosaic patients
had milder overall clinical severity than non-mosaic
patients at P = 0.007. In addition, the eight mosaic
patients were somewhat older than non-mosaic
patients (average age 15.1 vs. 10.2; median ages 9 vs. 9;
for mosaic versus non-mosaic subgroups respectively,
P = 0.28 by t-test).

Discussion

We have studied 261 patients, the majority of which
(209) had been previously comprehensively screened
for small mutations within TSC1 and TSC2. Because
small mutations are detected in »75% of TSC patients
(Dabora et al. 2001; Jones et al. 1999; Sancak et al.
2005), we have screened the equivalent of 888

(=209 £ 4 + 52) TSC patients for deletions and dupli-
cations using MLPA. We detected 54 genomic muta-
tions in these patients, indicating that mutations
detectable by MLPA account for 6.1% of all mutations
seen in TSC patients, and that 5.6% of these genomic
mutations occur in TSC2 and 0.5% occur in TSC1. This
current collection of 54 genomic mutations in TSC1/
TSC2 is by far the largest number of such mutations
ever reported.

Similar to multiple previous reports on other human
disease genes (Schouten et al. 2002; Wimmer et al.
2006), we found that MLPA is an eYcient and simple
technique for analysis of genomic deletions and dupli-
cations. Included in this set of patient DNA samples
analyzed were six samples in which genomic disrup-
tions had been identiWed previously, either by South-
ern blotting (Au et al. 1997) or LR-PCR (Dabora et al.
2000). All six of these mutations were detected in a
blinded fashion by MLPA, conWrming that it is a highly
sensitive technique. In addition, using our combination
of MLPA probe sets, the precise extent of deletions/
duplications were delineated, enabling relatively facile
LR-PCR analysis for deWnitive conWrmation through
sequencing of breakpoints. The precision aVorded by
this technique is illustrated by the fact that a TSC sam-
ple previously thought to consist of a deletion (identi-
Wed by LR-PCR) was characterized as a partial
duplication of TSC2 in which the duplicated truncated
portion was inserted such that an apparent deletion
was detected by LR-PCR (Fig. 4).

Nonetheless, it is important to recognize that MLPA
has limitations. First, in our experience, the technique is
relatively sensitive to DNA quality. We observed in
preliminary experiments that DNA degradation
enhanced variation in quantitative MLPA results, mak-
ing them diYcult to interpret. The non-random distri-
bution of DNA strand breaks in degraded DNA likely
contributes to this observation. Salts or other contami-
nants may also inXuence the thermodynamics of DNA
melting and/or reanealing in a sequence-sensitive man-
ner (see also http://www.mrc-holland.com/pages/sup-
port_faq2pag.html#ANCHOR_Txt6). Second, MLPA
will not detect all forms of genomic rearrangements
that disrupt the function of (e.g.,) the TSC2 gene. Inver-
sions, and genomic deletions in which the deleted frag-
ment is retained and inserted elsewhere in the genome,
are but two of the genomic rearrangements, which
occur in the human genome to cause disease, but will
not be detected in general by MLPA. However, the fre-
quency of these more complex genomic events appears
to be relatively low in comparison to the more common
simple genomic deletions that are detected handily by
MLPA (Sampson et al. 1997).
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Mutations in TSC2 are »four times more common
than mutations in TSC1, for reasons that are far from
clear. The coding region of TSC2 is about 50% larger
than TSC1 and the number of exons is nearly doubled;
the number of nonsense mutations and small indel
mutations in the two genes are roughly proportional to
this size diVerence. However, similar to missense muta-
tions and splicing point mutations, large deletions are
much less common in TSC1 than TSC2. Our analysis of
both the distribution of breakpoints within TSC2, and
the precise breakpoint sequences, fails to provide a clear
reason for the relatively high rate of genomic mutations
that occur in TSC2. It is clear that, in contrast to BRCA1
and several other genes (Mazoyer 2005; Shaw and Lup-
ski 2004), Alu-mediated or other repetitive sequence-
mediated recombination does not explain the occur-
rence of the vast majority of deletion mutations in TSC2.
Very short sequence repeats (2–7 nucleotides) were
present at 70% of the junctions of the deleted segments,
consistent with a strand slippage mechanism (Albertini
et al. 1982) for these deletions (Supplemental Table 3),
and arguing against a meiotic exchange mechanism. In
addition, the eight mosaic mutations could not occurred
by meiotic exchange. It is possible that the polypurine/
polypyrimidine tract of PKD1 intron 21, located 20 kb
downstream of the TSC2 gene, may play a role in these
events (Patel et al. 2004), but further study is required.
TSC2 has a much higher GC content than TSC1 (60%
vs. 43%), but TSC1 contains many more repeat ele-
ments than TSC2 (32% vs. 25% total sequence). TSC2
also contains a higher frequency of sequence elements
thought to be involved in recombination events (Myers
et al. 2005): CCTCCCT 0.85 copies/kb vs. 0.24 copies/
kb, and CCCCACCCC 0.32 copies/kb vs. 0.04 copies/kb,
in TSC2 vs. TSC1, respectively, which may contribute to
this diVerence in deletion frequency.

Similar to previous studies (Brook-Carter et al.
1994; Martignoni et al. 2002; Sampson et al. 1997), we
found a strong association between the presence of
renal cysts in these TSC patients, with involvement of
the PKD1 gene in the deletion event. Although kidney
cysts were also common (32% incidence) in patients
whose deletions did not involve PKD1, none of those
subjects had renal function impairment, and their level
of renal cystic disease was minimal with only 1–2 cysts
of size < 2 cm. These observations conWrm that severe,
progressive polycystic kidney disease is associated with
combined deletion of TSC2 and PKD1, consistent with
an important role of each gene in the pathogenesis of
renal cyst development. In contrast, patients with other
types of TSC2 deletion mutations (as well as point
mutations in TSC2 Dabora et al. 2001)] do not have
clinically signiWcant polycystic kidney disease.

There were no unusual clinical manifestations or
apparent worsening of phenotype associated with exten-
sion of TSC2 deletions into the adjacent NTHL1 and
SLC9A3R2 genes, suggesting that those genes are
haplo-suYcient. This observation contrasts with previ-
ous hypothesis (Imai et al. 1998). Although our compar-
ison had limited power (n = 21 and 33 for the 5� deletion
and non 5� deletion groups, respectively), there was no
hint of a clinical diVerence between these two groups.

Somatic mosaicism for deletion/duplication muta-
tions was observed in 8 of 54 (15%) of patients. Their
detection was facilitated by the precision aVorded by
MLPA analysis, and the fact that multi-exon deletions
(96% of those identiWed here) provide the opportunity
for assessment of the relative signal intensity for multi-
ple deleted exons. This 15% frequency of mosaicism is
higher than that reported in general for mutational
analyses of TSC patients, but is somewhat lower than
what was seen in a previous analysis of genomic muta-
tions aVecting both TSC2 and PKD1, 7 of 27 (26%)
(Sampson et al. 1997). However, that study extended
the analysis for mosaicism to the Wrst aVected individ-
ual in each family, increasing their detection rate, an
approach not possible with this patient population. It is
likely that the frequency of mosaicism is under-recog-
nized for TSC1 and TSC2 point mutations and small
indels, due to the limited methods available for quanti-
tative detection. Similarly, some of the DNA samples
analyzed here showed hints of mosaicism for deletion
mutations at a relatively low level (<20%). However,
these hints could not be conWrmed statistically, and
thus are not reported. We also noted that patients with
mosaicism had a somewhat milder clinical phenotype
than those without, although the small number of
mosaic subjects limited the power of this comparison.
These observations in aggregate provide further evi-
dence for the hypothesis that somatic mosaicism
accounts signiWcantly for the fraction of TSC patients
who have no detectible mutation after the usual
screening procedures (Dabora et al. 2001).

We found that generation of 18–20-plex MLPA probe
sets by direct synthesis of oligonucleotides was relatively
simple, following a straightforward algorithm for selec-
tion of target sequence. Only one of 32 probes designed
in this way failed to work the Wrst time. The spacing of
the size of ampliWcation products was also straightfor-
ward and eVective, without need for modiWcation. This
was likely partially due to the inclusion of universal
sequence for the stuVer regions, minimizing variation in
ampliWcation product migration characteristics. More-
over, we found that the reproducibility of our homemade
18–20-plex probe sets as assessed both qualitatively and
quantitatively, as presented above, was superior to that
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of the 40-plex MRC-Holland probe sets. Since the size
range of the products of our probe sets was much
narrower than that of the MRC-Holland probe sets
(90–156 bp vs. 130–481 bp, respectively), we suspect
that this is due to greater variation in the performance
of the PCR reaction when the PCR products have a
greater size range. In addition, this oligonucleotide syn-
thesis approach is much more rapid and eYcient than
generation of probes using M13 (Schouten et al. 2002).

One single exon deletion (exon 12) was detected by
our homemade probe set for TSC2 but not the MRC-
Holland TSC2 probe set. We found that all single exon
deletions identiWed by MLPA must be conWrmed by
other means to identify false positive Wndings due to
variation within the probe binding regions. This is rela-
tively easily done for internal exons, but is more diY-
cult for exons at the 5� or 3� end of these genes. The
addition of three probes to each end of each gene in
our homemade sets provided the ability to both con-
Wrm deletions of the Wrst and last exons, and also to
delineate the extent of such deletions.
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