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Abstract
Tuberous sclerosis complex (TSC) is an often severe neurocutaneous syndrome. Cortical
tubers are the predominant neuropathological finding in TSC, and their number and loca-
tion has been shown to correlate roughly with the severity of neurologic features in TSC.
Past studies have shown that genomic deletion events in TSC1 or TSC2 are very rare in
tubers, and suggested the potential involvement of the MAPK pathway in their pathogen-
esis. We used deep sequencing to assess all coding exons of TSC1 and TSC2, and the
activating mutation hot spots within KRAS in 46 tubers from TSC patients. Germline
heterozygous mutations were identified in 81% of tubers. The same secondary mutation in
TSC2 was identified in six tuber samples from one individual. Further study showed that
this second hit mutation was widely distributed in the cortex from one cerebral hemi-
sphere of this individual at frequencies up to 10%. No other secondary mutations were
found in the other 40 tubers analyzed. These data indicate that small second hit mutations
in any of these three genes are very rare in TSC tubers. However, in one TSC individual, a
second hit TSC2 point mutation occurred early during brain development, and likely con-
tributed to tuber formation.
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INTRODUCTION
Tuberous sclerosis complex (TSC) is a highly variable but often
severe neurocutaneous syndrome characterized by the development
of hamartomas in multiple tissues and organs at different stages of
development (7, 8, 11). Brain cortical tubers, subependymal giant
cell astrocytomas (SEGAs), facial angiofibroma, peri-ungual fibro-
mas, cardiac rhabdomyoma, renal angiomyolipoma (AML) and
pulmonary lymphangioleiomyomatosis (LAM) are all common in
this disorder.TSC is caused by inactivating small mutations or larger
genomic deletions in either TSC1 or TSC2 (2, 9, 19, 30).

The majority of hamartomas in TSC are thought to develop
through the so-called two hit mechanism (1, 13, 15, 34). In this
model, loss of the second, normal TSC1 or TSC2 allele comple-
ments the constitutional inactivation of the first allele of that same
gene (whichever the patient carries in the germline). This second
hit loss can occur through different mechanisms, but the most
common is a large genomic deletion of the normal allele, which can
be assessed by screening for loss of heterozygosity (LOH). LOH

for TSC1 or TSC2 markers has been demonstrated in 84 of 128 TSC
renal AMLs (66%) (1, 15, 34), both TSC-associated and sporadic
LAM (5, 33), and in TSC SEGA (6). Point mutation second hit
events are also known in TSC lesions (6).

On the other hand, evidence for the two hit model in TSC cortical
tubers is much more limited (15, 31), and the true mechanism of
disease pathogenesis for these lesions is disputed (18, 23). Recent
evidence suggests that the MAPK signaling pathway may contrib-
ute to the development of TSC brain lesions, but an underlying
genetic lesion causing this has not been found (14, 21). Under-
standing the pathogenic mechanisms underlying tuber develop-
ment has considerable importance since neurologic issues (includ-
ing seizures, intellectual disability and behavioral problems
including autism) are the greatest clinical problems in the majority
of TSC patients.

To explore the hypothesis that tubers develop following the two
hit mechanism, we used deep sequencing to search for second hit
small mutations in TSC cortical tubers. We recognized that abnor-
mal cell types were a small fraction of all cells seen in cortical
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tubers, and hypothesized that the sensitivity of deep sequencing
would enable detection of low frequency second hit mutations. We
found one TSC patient in whom a low frequency second hit muta-
tion was present in multiple tuber samples, but otherwise found no
second hit small mutations in cortical tubers. There was also no
evidence for large genomic deletions in these tuber samples.
Finally, as KRAS is an upstream component of the MAPK pathway
that is a commonly mutated gene in cancer, we also searched for
KRAS mutations in the majority of these lesions, and found none.

MATERIALS AND METHODS

TSC patients

Forty-six tuber samples were obtained from 34 TSC patients. All of
the patients met standard diagnostic criteria for TSC (29). Patient
samples were obtained from the Brain and Tissue Bank for Devel-
opmental Disorders (BTBDD) at the University of Maryland, Bal-
timore, MD (18 tubers, 6 patients), the University of Cincinnati (12
tubers, 12 patients), and the UCLA Medical Center (16 tubers, 16
patients). Samples from the BTBDD included both operative speci-
mens and specimens obtained at post-mortem examination. For the
latter, fresh brain slabs had been frozen rapidly and multiple
samples were obtained. In all cases, tuber identification was per-
formed by expert neuropathologists (JC, HVV). Two TSC SEGA
samples were included in this study as blinded controls.

This study was approved by the Partners Human Research Com-
mittee, the Institutional Review Board for the Partners Hospitals.

Examination for large genomic deletions

All tuber and SEGA DNA samples were examined for genomic
deletions in TSC1 and TSC2 using multiplex ligation-dependent
probe amplification including probe sets for each of the exons of
TSC1 and TSC2, as described previously (19).

Exon amplification and deep sequencing

The 62 TSC1 and TSC2 coding exons were amplified using 65
specially designed oligonucleotide primers (See Supporting Infor-
mation Table S1) (32). The composite primers each contained a
15–28 nucleotide (nt) target-specific sequence at their 3’-end; and a
common 19 nt region that is used in subsequent clonal amplifica-
tion and sequencing reactions at their 5′-end. Amplicons ranged in
size from 135 bp to 393 bp, with an average and median size of
254 bp and 237 bp, respectively. PCR primers were backed up from
exon boundaries by a minimum of 10 nt on the 5’ flanking side and
a minimum of 6 nt on the 3’ flanking side for all but a few exons, in
the latter case due to primer design constraints.

For each patient sample, PCR was performed on 10–25 ng of
genomic DNA using the FastStart High Fidelity PCR System
(Roche, Indianapolis, IN, USA) and standard thermocycling condi-
tions on a PTC-200 thermocycler. PCR conditions were individual-
ized for each amplicon, and the most common was: 5 minutes
denaturation at 96°C, followed by five cycles of denaturation for
30 s at 94°C, annealing for 30 s at 55°C and extension for 45 s at
72°C, 30 cycles of denaturation for 30 s at 94°C, annealing for 30 s
at 60°C and extension for 45 s at 72°C, and final extension for
10 minutes at 72°C. Amplicon products were assessed by agarose

gel electrophoresis, purified using AMPure SPRI beads (Agen-
court Bioscience Corporation, Beverly, MA, USA), quantified by
measurement on a Nanodrop instrument (ThermoScientific, Rock-
ford, IL, USA), and then pooled at an equimolar ratio for each
individual patient for sequencing.

Single PCR amplicon molecules were captured on individual
28 mm beads within an oil-water emulsion to enable clonal ampli-
fication in a second PCR process with universal primers that yields
> one million copies of the input DNA molecule. The emulsion was
then disrupted, the beads were isolated, and loaded into picotiter
plates containing wells of size 44 mm. Sequencing reactions were
performed by synthesis using pyrosequencing (24). This process,
ultra-deep pyrosequencing (UDPS) technique of 454 Sequencing
on the Genome Sequencer FLX system (Roche Applied Sciences),
was performed at the Roche 454 facility in Branford, CT, USA. To
enhance sample throughput and reduce costs, individual patient
samples were analyzed on picotiter plates in sets of 8, using a
gasket device to provide separation among samples and wells.

The ultra-deep sequence data was analyzed using GS Amplicon
Variant Analysis (AVA) Software to identify sequence variants in
TSC1 and TSC2 (32). Amplicon nt sequence reads were aligned to
the Human March 2006 (hg18) assembly genomic sequence of
TSC1 and TSC2. The flowgram signals were used in concert with
each read’s base-called nts to facilitate alignment accuracy. Reads
from both orientations were combined into a single alignment, and
primer regions were automatically trimmed to avoid artifacts from
the nt content of the synthesized primers. The AVA software identi-
fies all nt variants, and provides read counts and frequencies. Indi-
vidual flow grams were reviewed to examine and confirm all
variant calls made by the software.

For most of the tuber samples, amplicons for KRAS exons 2 and
3, encoding amino acids 1–97 of KRAS were also screened by deep
sequencing.

Amino acid variant analysis

Sequence variants in TSC1 and TSC2 were examined for their
effect on the encoded amino acid sequence. The potential effects of
amino acid sequence variation on protein function was determined
through the use of the Blosum62 substitution matrix, and the pro-
grams SIFT (http://www.sift.jcvi.org/www/SIFT_seq_submit2.
html) and PolyPhen (http://www.genetics.bwh.harvard.edu/pph/).

SNaPshot and Sequenom analyses

SNaPshot analysis was used to both confirm and quantify the pro-
portion of the mutant allele in tuber samples with mutations identi-
fied by deep sequencing, following the manufacturer’s protocol
(ABI Prisms SNaPshot TM Multiplex Kit; Applied Biosystems,
Foster City, CA, USA). In this analysis, small peaks are seen for
variant nts in some cases in samples that are homozygous for the
wild type allele, due to spontaneous base misincorporation.
However, comparison with control samples permits discrimination
of bona fide variant frequency down to 5% or less. The degree of
mosaicism, expressed as percentage of mutant to total DNA, was
calculated as follows: the peak areas of the mutant (M) and wild-
type (W) nts were determined, and used in the formula:
M/(M + W) ¥ 100%. All experiments were performed in duplicate.
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Variant allele frequency was also determined using matrix-
assisted laser desorption ionization—time of flight (MALDI-TOF)
mass spectrometry on the Sequenom (San Diego, CA, USA) plat-
form. Primers were designed using MassARRAY Assay Design
version 3.1, and amplicons were subject to single base extension
sequencing using the iPLEX chemistry (Sequenom), followed by
mass spectrometry, and interpretation using Typer 4.0 software.
Spectrometry profiles were imported into ImageJ v1.32j (W.
Rasband, NIH) for manual quantification of variant allele fre-
quency, using the same formula described above for SNaPshot. All
analyses were performed in duplicate.

Immunoblotting and immunoprecipitation

An expression construct encoding the TSC2 1864C>T R622W
variant was generated by site-directed mutagenesis using the Strat-
agene QuickChange kit (Stratagene, La Jolla, CA, USA), starting
from the TSC2 cDNA in pcDNA3. TSC1 and HA-tagged S6K1
cDNA constructs in pRK7 were also used. Transient transfection
experiments were performed using Lipofectamine 2000 (Invitro-
gen) on human embryonic kidney HEK293T cells cultured in
DMEM with 10% FCS. Preparation of cell lysates and immunob-
lotting were performed as described previously (25, 38). For immu-
noprecipitations, 2 mL of anti-flag antibody was added to 400 mL of
cell lysate, and incubated on ice for 90 minutes before addition of
20 mL of a 50% suspension of Protein A-Sepharose beads. After
gentle rotation for 90 minutes at 4°C, the beads were washed,
resuspended in Laemmli loading buffer and analysed by immunob-
lotting. Antibodies used were: TSC1 and p-p70S6K (T389) from
Cell Signaling Technology, Bedford, MA, USA; TSC2 (C20) and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from Santa
Cruz Biotechnology, Santa Cruz, CA, USA; and Flag and HA from
Sigma-Aldrich, St Louis, MO, USA.

Immunohistochemistry

Immunohistochemistry was performed on 5 mm formalin-fixed
paraffin embedded sections as described previously (6) using a
primary antibody against p-S6 (S240/244) (Cell Signaling Tech-
nology) and visualized with the Envision+ detection system (Dako,
Carpinteria, CA, USA).

Statistical analyses

Statistical comparisons were made using the Mann–Whitney test
for unpaired observations; and the Spearman nonparametric corre-
lation two-tailed test.

RESULTS

Germline mutation identification

Forty-six tuber samples from 34 TSC patients and 2 SEGA samples
from two TSC patients were analyzed by the UDPS technique of
454 Sequencing on the Genome Sequencer FLX system (Roche) to
search for both germline mutations and lower frequency second hit
mutations. Thirty-one of the tubers were from 31 TSC patients
undergoing tuber resection for treatment of refractory epilepsy; the
remainder (15) were collected at post-mortem from 3 TSC patients.

All showed classic histopathologic features of tubers, including
dysmorphic neurons, reactive astrocytes, and giant cells (Figure 1,
top). In addition, giant cells and some dysmorphic cells expressed
high levels of phospho-S6(S235–236) (pS6), consistent with acti-
vation of mTORC1 (Figure 1, bottom). Quantification by counting
of representative fields showed that pS6+ giant cells represented
1.25–11.28% (mean 4.54%, median 3.54%) of the cells seen in
these lesions, not counting smaller dysmorphic pS6+ cells, both
neurons and astrocytes.

Sixty-five amplicons were used to cover the 62 coding exons of
TSC1 and TSC2, with median and mean amplicon size of 237 and
254 bp, respectively. Median and mean read numbers per amplicon,
obtained using a gasket to enable analysis of 8 samples per plate,
were 547 and 474, respectively. 90.3% of amplicons had read num-
bers > 200 while 97.8% had read numbers greater than 100. 73% of
the nts in TSC1 and TSC2 were covered by bidirectional sequence
reads.

The 36 TSC patients had 0–3 (median 0) heterozygous sequence
variants detected in TSC1 and 0–5 (median 1) heterozygous
sequence variants detected in TSC2. This included all of the
common SNPs previously detected in each of these genes (http://
www.chromium.liacs.nl/LOVD2/TSC/home.php).

Twenty-nine non-mosaic mutations were identified in the 36
TSC patients studied (Table 1). There were 22 unique small muta-
tions, three of which were each seen twice in these samples for a
total of 25 patients with small mutations. The small mutations
included 19 single base substitution mutations, either causing a
missense change, a nonsense change or affecting splicing; five
deletion mutations; and one insertion mutation (Table 1). Sixteen
of these mutations had been seen previously in TSC patients (http://
chromium.liacs.nl/LOVD2/TSC/home.php), while 9 were previ-

Figure 1. Tuber pathology and phospho-S6 expression. H/E and
phospho-S6(S235–236) IHC is shown for two resected tubers, one with
relatively few giant cells (“low %”), and the other with relatively large
numbers (“high %”).
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ously unreported. The mutations were seen at read frequencies of
34–69 percent, using the AVA software for identification (see the
Methods section), with the exception of the insertion mutation of
two G nts at a site of a 5 G repeat sequence, which was seen at 11%
read frequency. All 25 small mutations were confirmed by direct
sequencing, and seen to be present at approximately 50% allelic
frequency, consistent with these mutations being constitutional,
germline TSC mutations.

All tuber and SEGA samples were also analyzed by multiplex
ligation-dependent probe assay (MLPA) to search for genomic
deletions affecting either TSC1 or TSC2 (19), that might have been
either germline mutations or allelic deletion second hit events. Four
patient samples had genomic deletions of various sizes within the
TSC2 gene (Table 1).

Seven patients had known mutations in TSC1 or TSC2 from
prior blood DNA analyses. All seven mutations were identified by
deep sequencing (5 mutations) or MLPA (two deletions). The
overall rate of germline mutation detection, 29 of 36 (81%) is
similar to that seen when other comprehensive methods have been
used for mutation detection in cohorts of TSC patients (1, 9, 30).

SEGA analysis

Two SEGA samples were included in this analysis as positive con-
trols. Both of these samples showed clear evidence of a second hit
mutation. In the first SEGA this was manifest by a shift in allelic
ratio to the mutant G allele (70% mutant allele vs. 30% wild-type

allele, data not shown), indicating there was a deletion of the wild-
type allele as a second hit event. Similar allelic imbalance was also
seen in this sample in the read frequency of two TSC2 coding SNPs
by deep sequencing and in conventional sequencing analysis of
these SNPs. In contrast, no allelic distortion of this kind was seen
for any of the 37 tuber samples analyzed from the 25 patients with
small germline mutations.

In the second SEGA, both a germline TSC2 4989+1G>A muta-
tion was seen at 45% read frequency, and a second point mutation
in TSC2 2743-2A>T affecting splicing was seen at 20% frequency.
This finding was confirmed by both standard sequencing across
this region in this sample, and by SNaPshot analysis (see further
discussion).

Low frequency sequence variant detection and
analysis in tubers

Many sequence variants were detected using the AVA software at a
frequency of <8%. There were no sequence variants seen at 8–34%
frequency apart from the two described above. Since false positive
or artifactual sequence variation can be seen with deep sequencing
of clonal PCR amplicons, we used the following criteria to select
variants with a high likelihood of being true variants for confirma-
tory analyses: (i) variants detected in more than one sample from
different individuals at low frequency were excluded under the
reasoning that they arose as an artifact of PCR or some other step in
the analysis; (ii) sequence variants detected in �5 sequencing reads

Table 1. Non-mosaic mutations identified in TSC brain tuberssamples from 36 TSC patients. Abbreviations: MLPA = multiplex ligation-dependent
probe assay; N/A = not applicable.

Exon mutation Type; effect
on protein

Previously reported
(R) or not (NR)

Sanger sequencing
result

Read frequency by
deep sequencing (%)

TSC1-ex8 737+1G>A Splice R Heterozygous 46
TSC1-ex9 827–828delCT Frameshift NR Heterozygous 47
TSC1-e15 1997+1G>A Splice R Heterozygous 45
TSC1-ex18 2347C>T Q783X NR Heterozygous 49
TSC2-ex3 268C>T(2) Q90X R Heterozygous 54, 69
TSC2-ex3 330–331dup Frameshift NR Heterozygous 11
TSC2-ex9 972C>G Y324X R Heterozygous 70
TSC2-ex10 1001–1002delTG Frameshift NR Heterozygous 48
TSC2-ex11 1224delT Frameshift NR Heterozygous 53
TSC2-ex13 1372C>T R458X R Heterozygous 44
TSC2-ex16 1831C>T (2) R611W R Heterozygous 34, 42
TSC2-ex16 1833delG Frameshift NR Heterozygous 54
TSC2-ex19 2098-2A>G Splice R Heterozygous 66
TSC2-ex23 2660–2663delGTCT Frameshift NR Heterozygous 38
TSC2-ex23 2713C>T R905W R Heterozygous 54
TSC2-ex29 3442C>T (2) Q1148X R Heterozygous 45, 45
TSC2-ex33 4375C>T R1459X R Heterozygous 56
TSC2-ex35 4620C>G Y1540X R Heterozygous 47
TSC2-ex37 4856T>C F1619S R Heterozygous 47
TSC2- ex37 4928A>G N1643S NR Heterozygous 59
TSC2-ex37 4989+1G>A Splice R Heterozygous 45
TSC2-ex38 5048T>G 5050T>G VS1683–1684GA NR Heterozygous 46
TSC2 big del Exon 1 Deletion NR N/A MLPA
TSC2 big del Exons 1–15 Deletion NR N/A MLPA
TSC2 big del Exons 16–22 Deletion NR N/A MLPA
TSC2 big del Exons 1–29 Deletion R N/A MLPA
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or <2% read frequency were excluded; and (iii) manual review of
the sequence trace files for all variants was performed and variants
detected only in reads of poor quality were excluded. Twenty-one
variants remained after this review process, which were seen at a
frequency of 2% to 8% (Table 2).

The 21 potential second hit mutations were examined by
methods independent of deep sequencing, to determine if they were
real findings. Eight variants were not evaluated further because
they were single base substitutions that either: (i) caused no amino
acid change and were remote from splice sites (five variants); (ii)
caused an amino acid change that was predicted by three programs
(see the Methods section) as having no effect on protein function
(two variants); or (iii) occurred in exon 23 of TSC1 which has not
been shown previously to contain any pathologic variants (one
variant). All 13 remaining variants were analyzed by SnaPshot
single base extension sequencing for confirmation. Twelve of the
13 showed no difference in the frequency of the variant allele in
replicate control and tuber samples, indicating that they were not
bona fide variants, but rather artifactual results from deep sequenc-
ing (data not shown).

A low-frequency point mutation identified in
multiple tuber samples from one TSC patient

In one TSC patient (#1560) from whom frozen cortical slabs
obtained at post-mortem examination were available, six tuber and
one non-tuber brain samples (as assessed by gross examination)
were analyzed simultaneously by deep sequencing. A low fre-
quency point mutation in TSC2 1864C>T R622W, a potential mis-
sense mutation, was identified in all samples from this patient, at
0.7%–7.2% frequency (Table 3). All samples also showed that the
patient had a TSC2 nonsense mutation (4375 C>T, R1459X) iden-
tified at usual heterozygote frequency in all samples (42%–51% of
reads). The 1864C>T variant was not seen in any other tuber or
SEGA sample analyzed by deep sequencing, strongly suggesting
that it was not a sequencing artifact and was specific to this patient.

Single base extension sequencing with mass spectrometry
analysis (on the Sequenom platform, see the Methods section) was
used to confirm the presence of this variant and to quantify the level
of mosaicism. Control samples from other tubers showed either no
or only a faint signal for the T allele in this analysis (Figure 2A–C).

In contrast, several of the seven brain samples showed a T allele
signal that was much stronger (Figure 2D–F), confirming the pres-
ence of the T allele specifically in these tuber samples. In addition,
the % T allele seen in the seven samples as determined by mass
spectrometry single base sequencing analysis correlated very well
with the % T allele as determined by deep sequencing read fre-
quency (Table 3 bottom rows, Spearman r = 0.8929, P = 0.01).

To examine this observation in greater detail, and provide further
confirmation, 20 additional DNA samples from different regions of
this patient’s brain hemisphere were studied by this same tech-
nique. In this second set of 20 brain samples, mutant T allele
frequencies ranged from 0% to 6.90%, with 12 of 20 samples
showing a T allele frequency greater than that of any of the five
control samples (Figure 2G–I). However, correspondingly, 8 of the
second 20 samples had relatively low %T frequencies, similar to
those of control samples, and including 3 samples with allele fre-
quencies less than 1%. These observations suggest that although
the distribution of cells bearing the variant T allele in the hemi-
sphere of this patient was broad, it did not include all regions
equally, and there appeared to be some regions with few or no cells
bearing the variant T. Correlation between the variant T allele fre-
quency and the regions of the brain hemisphere sampled for this
analysis did not suggest any particular regional distribution of the
mutation within the cortex of this individual (Figure 3).

To provide further confirmation that the T allele was seen spe-
cifically in these tuber samples, we performed single nt extension
sequencing using fluorescent termination nts (SNaPshot sequenc-
ing, see Methods). All 32 of the DNA samples studied previously
were analyzed. There was a strong correlation between the SNaP-
shot T allele frequency and the Sequenom T allele frequencies
among these samples with r = 0.7737 and P < 0.0001 (Spearman
test). In addition, the 27 brain samples showed a significantly
higher fraction of the T allele than the five control samples in this
assay (P < 0.001, Mann–Whitney test). To investigate whether
higher local mutant T allele frequencies were associated with the
severity of pathology in the tissue from this patient, representative
portions of the frozen tissue slabs were dissected immediately adja-
cent to the areas taken for DNA analysis, and were processed for
histology by routine formalin fixation and paraffin embedding.
Samples were taken from five different areas of highest % T fre-
quency and five different areas of low % T frequency (Figure 4). As

Table 2. Read frequency of potential mosaic
mutations.

Read frequency 2%–3% 3%–4% 4%–5% 5%–6% 6%–7% 7%–8%

Number of variants 11 8 0 0 1 1

Table 3. Mutations identified in seven brain
tubers from patient 1560.

Exon Mutation Read frequency of variant allele (%)

S1 S2 S3 S4 S5 S6 S7

TSC2-ex33 4375C>T, R1459X 44 42 45 51 46 46 49
TSC2-ex17 1864C>T, R622W 2.3 7.2 1.4 1.7 3.5 0.7 3.4

T allele frequency by mass spec. (%)

TSC2-ex17 1864C>T, R622W 3.34 10.79 1.74 2.33 6.55 0.53 1.77

Samples S1–S6 were derived from areas grossly consistent with cortical tubers. S7 was derived
from tissue that appeared to be normal brain.
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expected from previously frozen material, there was marked tissue
distortion from freezing artifact. Despite the suboptimal histology,
there was a positive correlation between the level of the
TCS2 1864C>T mutant allele and the frequency of giant cells on
H&E stain (data not shown). In addition, there was a strong corre-
lation between the frequency of pS6(S240/244) positive cells (a

marker of mTORC1 activity) and %T allele as determined by
Sequenom analysis (Figure 4B, Spearman r = 0.9483, P = 0.0001).

As this 1864C>T R622W variant had never been previously
reported in TSC2, we investigated the functional effect of the
variant on the TSC2 protein. Since this is a highly non-conservative
missense amino acid change, we anticipated that it might have
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Figure 2. Mass spectrometry analysis of T
allele frequency in control and brain samples.
Mass spectrometry spectra are shown from
single base extension sequencing on the
Sequenom platform for the TSC2 1864C>T
variant. The expected elution peak sizes for the
T and C alleles are shown by the dotted lines.
(A–C) Control DNA samples. (D–F) DNA
samples from three of the seven brain tuber
samples initially analyzed by deep sequencing.
(G–I) DNA samples from three of the 20 brain
samples in the replication analysis. Note that
the C peak predominates in all samples; there
is a clear strong peak for the variant T
nucleotide in samples D, E, G, H and I. Weaker
signals are seen in samples C and F, whereas
no signal is seen in samples A or B.
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significant effects on expression of the protein, binding to TSC1,
and the GTPase activating protein (GAP) activity of the protein
towards its usual target, the RHEB GTPase (25). When expressed
in HEK293 cells, TSC2-R622W did not bind to TSC1, in contrast
to wild type TSC2, as assessed by a co-immunoprecipitation assay
(Figure 5A). In addition, TSC2-R622W, when co-expressed with
TSC1, demonstrated reduced GAP activity toward RHEB in com-
parison with wild-type TSC2, as assessed by phosphorylation at
T389 of co-expressed S6K1 (Figure 5B). These studies indicate
that TSC2 1864C>T R622W is a significant mutation, which
causes loss of function in TSC2.

Absence of KRAS mutations in tuber samples

Since activation of MAPK signaling has been reported in cortical
tuber giant cells (14, 22), and proposed as a possible mechanism
contributing to cortical tuber development (21), we performed

deep sequencing on KRAS in 30 tuber samples. Exons 2 and 3,
encoding amino acids 1–97, showed no significant variation.

DISCUSSION
Classic TSC brain pathology includes cortical tubers, subependy-
mal nodules that can develop into giant cell astrocytomas, and
white matter migration tracts (16, 27, 36). More recent studies have
identified a wider spectrum of abnormalities in the TSC patient
brain, including cysts (35), cerebellar pathology (17) and magnetic
resonance imaging abnormalities of uncertain origin and nature
(28), as well as isolated giant and dysplastic cells in otherwise
apparently normal regions of cortex (7).

Figure 3. Map of frozen brain sections and T allele frequencies for the
TSC2 1864C>T variant. Cortical sections proceed from anterior to poste-
rior. Letters indicate sites of sampling and corresponding T allele fre-
quencies as determined by mass spectrometry. In many regions, T allele
frequency is very low/negligible, whereas in regions AA, H, K, J, B, M
and E it is much higher than controls. At the anatomical level, there is no
clear correlation between the spatial location of the brain sampled, and T
allele frequency.

Figure 4. Correlation between detection of pS6(S240/244) positive cells
and %T allele as determined by mass spectrometry. (A) Representative
images of pS6 immunohistochemical staining of tissue from areas of
lower %T allele and higher %T allele; sample names and pS6-positive
cells/cm2 shown. Note the increased number of pS6 positive cells and
the abnormal morphology of the positive cells on the right. (B) Correla-
tion of %T allele by Sequenom mass spectrometry analysis, and the
number of pS6-positive cells per cm2 in 10 brain samples.
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Despite this variety of cortical pathology in TSC, cortical tubers
are the major neuropathologic feature in tuberous sclerosis. Their
number and size have been shown to correlate, roughly, with both
cognitive impairment and behavioral and social developmental
issues (10, 12, 37). In addition, tubers are often located within or
adjacent to foci of treatment-refractory epilepsy, and thus they are
resected on a regular basis to achieve seizure control in selected
TSC patients.

The origin and pathogenesis of cortical tubers is poorly under-
stood (7, 18, 23). Their considerable size in many instances and
apparent relative lack of change over time strongly suggests that
they are neurodevelopmental lesions that occur during corticogen-
esis. However, it is also clear that there is ongoing inflammation in
TSC tubers, which may play an important role in their clinical
manifestations (3, 4, 22), as well as some evidence of cell prolifera-
tion within them (20).

We examined 46 cortical tuber samples from 34 TSC patients by
deep sequencing. This approach enabled the identification of 25
small point mutations in TSC1 and TSC2 at heterozygote allele
frequency in the majority of these individuals. Thirty-seven tubers
were analyzed from these 25 patients with small germline point
mutations, and none showed evidence for a shift in the allelic ratio
of mutant to wild-type allele. Thus, none of these 37 tubers showed
this classic evidence of loss of the wild-type allele. In addition,
none of the 46 cortical tuber samples showed evidence of TSC1 or
TSC2 copy number change by MLPA. These findings are consis-
tent with previous reports, indicating that classic LOH is very rare
in TSC cortical tubers (13, 15), even when laser capture microdis-
section is also used [performed in two cases (26)].

Our deep sequencing of brain tuber samples did yield identifica-
tion of one low frequency second point mutation in TSC2 in a

patient with a germline nonsense TSC2 mutation (see further dis-
cussion below). However, the other 40 cortical tuber samples that
were analyzed had no small mutations identified that would be
consistent with second hit events, strongly suggesting that this
phenomenon is quite rare in cortical tubers.

Our study has some limitations. First it is possible that the
samples studied did not consist solely of tuber. Indeed cortical
tubers do not consist of giant and other abnormal cell types alone,
but rather a mixture of cell types (Figure 1). However, our deep
sequencing approach is relatively tolerant to contamination by
normal cells due to its sensitivity for low frequency mutations. In
addition, all the samples were reviewed by expert neuropatholo-
gists (JC, HV).

A second potential limitation is that the depth of sequencing
read coverage among the exons of TSC1 and TSC2 was somewhat
uneven. However, it is notable that every germline mutation
known to be present in these patients was detected in the deep
sequencing analysis, at frequencies close to 50% expected except
for a single variant (TSC2 334GGins). In addition, we studied two
SEGAs in this project, and the primary lab investigators were
blinded to both the presence and the identification of those
samples. Second hit events were detected in each of those lesions.
Finally, based upon the distribution of read frequencies attained,
we estimate that >90% of small sequence changes (not genomic
deletions) occurring at �5% frequency in these samples would
have been detected. Since the mean fraction of pS6+ giant cells
present in these tubers was 4.54%, not including other dysmor-
phic neurons and astrocytes, there was adequate power for detec-
tion of small mutations present in pS6+ cells in most cases. The
approach used here is not designed, however, for detection of vari-
ants present at <2% frequency.

Figure 5. Functional analysis of TSC2 protein
with the R622W mutation. (A) FLAG-TSC2 was
immunoprecipitated with anti-FLAG antibody
from HEK293E cells in which both FLAG-TSC2
and TSC1 were transfected. Note lack of
co-precipitation of TSC1 in the cells expressing
the TSC2-R622W variant. (B) Analysis of T389
phosphorylation of S6K in HEK 293T cells
transfected to express TSC1, HA-tagged S6K
and TSC2 (wt) or TSC2-R622W. Note that
pS6K-T389 levels are significantly higher in
cells expressing the variant TSC2 in
comparison with wild-type TSC2.
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Phosphorylation of TSC2 by extracellular regulated kinase
(ERK) has been seen in some TSC giant cells, suggesting that the
activation of MAP kinase pathway could co-operate with TSC1 or
TSC2 haploinsufficiency to lead to tuber development (14, 21).
However, how this process could occur so frequently (up to 50
cortical tubers per TSC patient) in TSC, and yet rarely affect non-
TSC individuals is unexplained. In addition, MAPK phosphoryla-
tion is also seen in TSC SEGAs (14) in which the two hit mecha-
nism is clear, as shown here in two cases and previously (6).
Nonetheless, to explore the hypothesis that KRAS mutations (one
of the most common mutational events occurring in cancer) might
represent a second hit event complementing haploinsufficiency for
TSC1 or TSC2 in these tubers, we performed KRAS deep sequenc-
ing analysis in 30 of the tuber samples. No significant sequence
variants were identified, and these amplicons covered the amino
acid residues that are the predominant site of mutation in this gene
in cancer (amino acid residues 12, 13, and 61).

The single patient in whom we identified the same second point
mutation, TSC2 1864C>T R622W, in multiple regions of cortex
from one cerebral hemisphere in addition to a germline mutation in
TSC2 (4375C>T, R1459X) appears to represent an extraordinary
TSC patient, as this was not seen in any of the other TSC patient
samples studied. We desired to perform more detailed correlations
of the TSC2 1864C>T R622W mutation with individual brain cells
in this individual, but the quality of the available tissue precluded
such studies, as conventional (non-frozen) fixed paraffin-
embedded pathologic material was not available for our use. None-
theless, we speculate that in this individual an early second hit
event occurred in the developing brain, which led to wide dissemi-
nation of this mutation throughout at least one hemisphere and
likely both. Further, we expect that cells with both mutations, and
consequent complete loss of functional TSC2 and activation of
mTORC1, would demonstrate abnormal proliferation and develop-
ment, leading to generation of giant cells and dysplastic cell types,
and tuber formation in brain regions with high amounts of these
cells.

Thus, in summary, we have identified a single TSC patient with
a germline TSC2 nonsense mutation and widespread distribution
of brain cells within the cortex with a secondary point mutation
in TSC2 at frequencies as high as 10%. However, the majority of
tuber samples analyzed (40 of 46) showed no evidence for LOH
by analysis of mutations and intragenic SNPs, and MLPA assess-
ment of TSC1 and TSC2 copy number, or for low frequency point
mutations that might represent second hit events. In addition, 30
of these tubers showed no evidence of activating KRAS point
mutation. Overall, this new data is consistent with previous
reports, and suggests that both large genomic deletions, detectible
as LOH, and small mutations in either TSC1 or TSC2 are rare in
TSC cortical tubers. Thus, the molecular details of the pathogen-
esis of cortical tubers remain unclear for the majority of TSC
patients, and requires additional investigation. Possibilities
include second hit mutations in other TSC/mTOR pathway inter-
acting genes, epigenetic silencing of the remaining TSC1 or
TSC2 allele, or haploinsufficiency combined with some mecha-
nism of activation of the MAPK pathway. In vitro studies and
mouse models have shown that loss of one allele of TSC1 or
TSC2 causes some changes in neuronal morphology, but alone
does not cause giant cell formation or dysplasia. We did not find
mutations in KRAS in these tubers, but there are many other

genes interacting with either the MAPK or the PI3K-AKT
pathway that are potential candidates.
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SUPPORTING INFORMATION
Additional supporting information may be found in the online
version of this article.

Table S1. Deep sequencing primers for TSC1, TSC2 and KRAS.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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