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Introduction

Subject: Tuberous sclerosis complex (TSC) is a genetic disorder affecting
approximately 1 in 10 000 individuals (1). TSC is caused by mutations in either the TSC1
or TSC2 tumour suppressor genes (2, 3). The TSC1 and TSC2 gene products form a
protein complex that inhibits the activity of the mammalian target of rapamycin (mTOR).
mTOR coordinates nutritional, hormonal and other cues to regulate the cellular growth
machinery. Therefore, inactivation of the TSC1-TSC2 complex results in inappropriate
mTOR activity and cell growth defects (4).

Mutation analysis of the TSC1 and TSC2 genes is a useful diagnostic tool for
helping individuals and families affected by TSC (5). In most cases of TSC, a definite
pathogenic TSC1 or TSC2 mutation is identified. However, in some cases it is difficult to
determine whether sequence changes identified in the TSC1 or TSC2 genes are
pathogenic, or not. These 'unclassified variants', typically missense changes, small in-
frame insertions or deletions, or changes that could affect splicing, present a significant
problem for diagnostics and genetic counselling.

Purpose: The purpose of this research project is to develop and apply assays of
TSC1-TSC2 function to determine whether specific unclassified TSC1 and TSC2 variants
are pathogenic or not. In this way, the individuals carrying these variants, as well as their
families, can obtain clearer information about their condition and the associated risks.
Furthermore, correlation of the biochemical effects of the different variants with the
observed patient phenotypes could provide insight into genotype-phenotype correlations
in TSC and, in addition, identification of amino acids and/or regions that are important
for different aspects of TSC1-TSC2 function could help define the structural and catalytic
domains of the TSC1-TSC2 complex.

Scope: The specific aims of the project were to:

1. Apply functional assays to determine whether specific TSC1 and TSC2 variants are
pathogenic mutations.

2. Determine whether specific TSC1 and TSC2 mutations are associated with specific
TSC phenotypes.

3. To identify amino acid residues that are essential for TSC1 or TSC2 function.

4. To develop a simple, reliable and rapid test for TSC1-TSC2 function.



Body

1. Application of functional assays to determine whether specific TSC1 and TSC2
variants are pathogenic mutations.

Unclassified TSC1 and TSC2 variants were selected from our patient cohort (5).
We focused on resolving cases where the individuals or families concerned would
potentially benefit from the results (6-8). This included individuals who did not
necessarily fulfil the diagnostic criteria for TSC. In addition, we selected TSC1 and TSC2
variants that we considered likely to provide insights into TSC1-TSC2 function. For
example, amino acid changes in domains that have, as yet, no clearly defined function.
Furthermore, we analysed reported missense mutations that we considered might have an
effect on RNA splicing. Where no RNA was available, we analysed the predicted
missense variant to determine whether the amino acid substitution affected the function
of the TSC1-TSC2 complex (7, 9, 10)

To investigate the effects of amino acid substitutions and small in-frame
insertions or deletions on TSC1 and TSC2 function, we introduced the corresponding
nucleotide changes into existing TSC1 and TSC2 expression constructs by site-directed
mutagenesis, and expressed the variants in mammalian cells in culture. To determine the
biological activity of the TSC1 and TSC2 variants we used 4 different assays (11):

1. Coimmunoprecipitation. To estimate the strength of the physical interaction
between different TSC1 and TSC2 variants we transfected human embryonic kidney
(HEK) 293T cells with TSC1 and TSC2 expression constructs. After 24 hours, TSC1-
TSC2 complexes were immunoprecipitated from the cell lysates, separated by denaturing
polyacrylamide gel electrophoresis (SDS-PAGE) and analysed by immunaoblotting.

2. Phosphorylation of ectopically expressed p70 S6 kinase upon coexpression of
TSC1 and TSC2. The TSC1-TSC2 complex inhibits the kinase activity of mTOR,
preventing phosphorylation of p70 S6 kinase (S6K), a mTOR substrate. We transfected
HEK 293T cells with TSC1, TSC2 and S6K expression constructs. After 24 hours the cell
lysates were separated by denaturing polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membranes. Phosphorylated S6K was detected using a
commercially available antibody specific for S6K phosphorylated at the T389 position.
To obtain a semi-quantitative estimate of TSC1-TSC2 levels and S6K phosphorylation,
the blots were scanned.

3. Phosphorylation of ribosomal protein S6 in Tscl -/- and Tsc2 -/- mouse embryo
fibroblasts upon ectopic expression of TSC1 and TSC2. Tscl -/- and Tsc2 -/- mouse
embryo fibroblasts (MEFs) have constitutive phosphorylation of the ribosomal protein
S6, the downstream target of S6K. We transfected Tscl -/- or Tsc2 -/- MEFs with TSC1
and/or TSC2 expression constructs. Twenty-four hours after transfection, S6
phosphorylation in the TSC1/TSC2 expressing cells was determined by fluorescent
double-label immunocytochemistry using antibodies specific for S6 phosphorylated at the
S235/236 position. To obtain an estimate of TSC1-TSC2 activity, individual MEFs
expressing the different variants and showing clear down-regulation of S6
phosphorylation were counted (>50 cells per experiment).

4. In vitro GTPase activity of rheb in the presence of immunoprecipitated TSC1-
TSC2 complexes. We expressed recombinant glutathione S transferase-tagged rheb in
bacteria and loaded the purified GTPase with **P-GTP. After incubation with



immunoprecipitated TSC1-TSC2 complexes, thin-layer chromatography followed by
phosphoimaging was performed to quantify the rhebGTP:rhebGDP ratio and thereby
estimate the rate of rheb-GTP hydrolysis.

At the start of the project we had used these assays to analyse approximately 30
TSC2 variants and 5 TSC1 variants (Supporting data, Tables 1 and 2), including a few
previously unclassified variants. Some amino acid substitutions destabilised the TSC1-
TSC2 complex. Other substitutions had no effect on the formation or stability of the
complex, but through direct effects on catalytic activity, still impaired the ability of the
complex to inhibit mTOR signalling. Other variants studied had no discernible effect on
the activity of the TSC1-TSC2 complex in our assays. We concluded that these variants
were neutral variants, and not responsible for the TSC phenotype.

We have now completed analysing the majority of the unclassified missense
variants in our own patient cohort and have begun to analyse more unclassified variants
from the TSC1 and TSC2 LOVD databases (12, 13). In addition, we have received a small
number of requests from various groups world-wide to investigate unclassified variants
identified in these laboratories. We are currently analysing these variants (Supporting
data, Tables 1 and 2). Since the start of the project we have analysed, or are in the process
of analysing, 62 TSC2 variants and 20 TSC1 variants. The analysis of 24 TSC2 variants
and 8 TSC1 variants have been completed and published (8 - 10), and a manuscript
describing another 12 TSC1 variants is in preparation (see Appendix).

Assays to determine the effect of TSC1 and TSC2 variants on the structure and
function of the TSC1-TSC2 protein complex cannot determine whether TSC1 and TSC2
variants affect the splicing of the nascent TSC1 and TSC2 mRNAs. To determine whether
putative TSC1 and TSC2 splice site mutations are pathogenic, we will analyse the
transcription and splicing of the TSC1 and TSC2 mRNAs in TSC patient fibroblasts using
reverse transcriptase-polymerase chain reaction (RT-PCR) in combination with DNA
sequencing and pyrosequencing. We are currently waiting for final ethical approval to
approach patients for skin biopsies.

We routinely determine the likelihood that a nucleotide change causes a splicing
defect using 3 different computer-based algorithms (14 - 16). Using this approach we
have identified 8 reported missense changes (3 in TSC2 and 5 in TSC1) that our analysis
suggests are more likely to be pathogenic splice site mutations. In these cases, the
predicted amino acid substitutions did not affect protein function and it will therefore be
essential to establish whether splicing is affected. We will request skin biopsies from the
relevant TSC patients and analyse the expression and splicing of the TSC1 and TSC2
mMRNAs in cultured fibroblasts using a protocol already in routine use in our laboratory.
We will isolate RNA from cells that have been pretreated with cycloheximide, to inhibit
nonsense-mediated RNA decay, and thereby increase the rate of detection of aberrantly
spliced MRNAs. A case-specific RT-PCR will be performed to detect abnormally spliced
TSC1 or TSC2 mRNA transcripts. When no aberrantly spliced transcripts are detected,
single nucleotide polymorphisms from within the TSC1 and TSC2 coding regions will be
analysed to determine whether there is MRNA expression from both alleles. To obtain a
quantitative estimate of the allele-specific expression of TSC1 and TSC2 mRNAs,
pyrosequencing will be performed across the heterozygous regions. If a new splice



isoform is detected that results in a small in-frame deletion or insertion, we will test the
predicted TSC1 or TSC2 variant using our functional assay.

2. Determine whether specific TSC1 and TSC2 mutations are associated with specific
TSC phenotypes.

The functional studies have been critical in establishing whether specific changes
in the TSC1 and TSC2 genes are pathogenic. Interestingly, some of the unclassified
variants were identified in individuals and/or families exhibiting only mild or minor
symptoms of TSC. Prior to the start of the project we had identified 2 TSC2 missense
variants in different families with apparently mild TSC phenotypes (6, 17). For one
variant, the functional tests indicated that the amino acid substitution did not inactivate
TSC2 completely. Although the activity of the variant was clearly less than the wild-type
protein, it was also more active than other TSC2 missense mutants (6). We have since
confirmed this, using an improved immunoblotting protocol (Supporting data, Figure 3),
and have identified more variants that may also have an intermediate effect on TSC2
function (Supporting data, Figure 4). We are still collecting data to be able to establish
whether there are more mildly affected families and/or individuals with similar missense
mutations.

3. Identification of amino acid residues/domains that are essential for TSC1 or TSC2
function.

At the start of the project we had identified 3 regions of particular interest:

1. Amino acid substitutions within the N-terminal region (amino acids 1 - 200) of
TSC1 that destabilise TSCL1.

2. Substitutions to a central region of TSC2 (amino acids 600 - 900) that disrupt
TSC1-TSC2 binding

3. Substitutions outside the predicted TSC2 GAP domain that inactivate the
complex.

Our analysis of more variants has enabled us to confirm these regions as
important for TSC1-TSC2 function, and to further define different structural and catalytic
regions in both TSC1 and TSC2. We have compared the results of our functional studies
with computer-based predictions of the effects of the different amino acid substitutions.

Amino acid substitution prediction methods use sequence and/or structural
information to predict the effects of amino acid changes on protein function (18, 19). In
the absence of adequate genetic or functional data, prediction methods have been applied
to try and resolve whether specific variants are pathogenic or not (20). The more
information there is about a particular protein, the more accurate the prediction is likely
to be. We have compared our functional data with predictions using the SIFT algorithm.
There was a reasonable correlation between our findings and the predictions of the SIFT
algorithm (Supporting data, Tables 1 and 2, and Figures 1 and 2), however there were
also cases where there was disagreement. Some predicted tolerated changes were found
to affect TSC1-TSC2 function; while no effect on function could be established for some
changes that were predicted not to be tolerated. For example, SIFT analysis of TSC2
predicts that the majority of amino acid substitutions between residues 1100 and 1500 are
tolerated (Supporting data, Figure 2). In this region we have already identified 3
pathogenic variants (V1199G, P1202H and P1497S) as well as 4 non-pathogenic variants



(P1292A, R1386W, S1410L and G1416D). This indicates that predictive methods are not
reliable for molecular genetic diagnostics and that functional tests provide important,
extra insight into the effects of different amino acid changes.

Numerous studies using truncated TSC2 proteins, including our own, have
indicated that the N-terminal region of TSC2 is important for the interaction with TSC1.
Our analysis of TSC2 variants confirms this. So far we have identified 12 residues
between amino acids 200 and 800 that are critical for this interaction, and 8 substitutions
within this region that do not significantly affect the TSC1-TSC2 interaction in our
assays. In addition, 4 amino acid substitutions between amino acids 800 and 1000
prevented formation of the TSC1-TSC2 complex, indicating that the TSC1-binding
region of TSC2 extends past residue 800. Furthermore, we have tested 6 substitutions
mapping to the N-terminal 200 amino acids. These changes do not have such dramatic
effects on TSC1-TSC2 binding, indicating that this region of TSC2 is not so important
for the interaction with TSC1. Amino acid substitutions to the C-terminal region of TSC2
(amino acids 1000 - 1807) do not prevent TSC1-TSC2 binding. However, as predicted
from homology studies, missense changes to the region with homology to other GAP
proteins still result in inactivation of the TSC1-TSC2 complex. We have identified 22
amino acid substitutions between codon 900 and the C-terminal that do not prevent
TSC1-TSC2 binding, but result in inactivation of the TSC1-TSC2 complex. In the same
region, 9 amino acid changes did not affect TSC1-TSC2 function. These results indicate
that the region of TSC2 necessary for GAP activity extends considerably further than the
domain defined by homology with raplGAP (2).

Less is known about the exact role of TSC1 within the TSC1-TSC2 complex (4,
21). SIFT analysis indicates that the N-terminal and C-terminal regions of the protein are
not very tolerant of amino acid substitutions, while a large central domain is predicted to
be quite tolerant of amino acid substitutions (Supporting data, Figurel). At the start of the
project, it was still unclear whether missense mutations in the TSC1 gene would lead to
TSC. We analysed a series of putative pathogenic TSC1 missense variants, and were able
to demonstrate for the first time that TSC1 missense mutations cause TSC (9). We have
now extended this analysis to include more putative pathogenic variants, as listed in the
LOVD TSC1 mutation database (12). Our analysis indicates that TSC1 missense
mutations are clustered to a region containing the first 300 amino acids of TSC1, and that
these substitutions affect the turn-over and stability of TSC1 in the cell (manuscript in
preparation; see Appendix). Our analysis has therefore provided useful new information
about the structure and function of TSCL1.

4. Development of a rapid test for TSC1-TSC2 function.

One of the principle aims of the project was to improve the methodology of the
functional analysis of unclassified TSC1 and TSC2 variants. At the start of the project our
approach was to perform several different assays to analyse TSC1-TSC2 binding and the
effect of TSC1-TSC2 on mTOR activity (see Section 1. above "Application of functional
assays to determine whether specific TSC1 and TSC2 variants are pathogenic
mutations"). We focused on these 2 aspects of TSC1-TSC2 function because mutations in
either TSC1 or TSC2 cause the same disease, indicating that it is inactivation of the
complex that is the critical event in TSC pathogenesis and because the rhebGAP activity
and inhibition of MTOR signalling is the most clearly defined and intensively studied



function of the complex. Our hypothesis is that an active TSC1-TSC2 complex is
essential for preventing the lesions associated with TSC from developing and that the
TSC1-TSC2 interaction must be necessary for full rhebGAP activity.

The advantage of performing several independent assays in parallel was that it
allowed the effects of different amino acid changes to be characterised with more
certainty and indicated not only whether specific changes were disease-causing but also
how these changes affected the TSC1-TSC2 complex and, as a consequence, signal
transduction through mTOR. Multiple, independent assays were also helpful in
confirming whether a variant was pathogenic or not. Discrepancies between the tests
would help indicate that there was a potential problem. Fortunately, in general, the
correlation between the different assays was good. Variants that did not form a stable
TSC1-TSC2 complex were also unable to inhibit mTOR activity. Furthermore, we
noticed that the levels of TSC1 detected by immunoblotting were significantly reduced in
the presence of TSC2 variants that were unable interact with TSC1. Because this was
clearly visible on direct immunoblots, the coimmunoprecipitation assay was made
redundant. Furthermore, because some variants were unable to form a complex, we were
unable to always assay the rhebGAP activity effectively. We found that the rhebGAP
activity of TSC2 alone was significantly reduced compared to the TSC1-TSC2 complex,
consistent with other reports (22). For this reason, and because the rhebGAP assay was
complicated to set up and difficult to perform, we have focused on the immunoblot assay
to assay both the TSC1-TSC2 interaction and effects on mTOR signalling.

For TSC2 variants we performed both single- and co-transfection experiments in
Tsc2 -/- MEFs. Somewhat surprisingly, we noticed that TSC2 variants that were unable
to interact with TSC1, and did not inhibit S6K phosphorylation in cotransfected HEK
293T cells, were still able to inhibit S6 phoshorylation in Tsc2 -/- MEFs. However, we
concluded that this was an artefact of the over-expression of TSC2 in the MEFs because
in MEFs over-expressing these variants together with TSC1 we did not observe
significant inhibition of S6 phosphorylation. Furthermore, counting cells was time-
consuming and less objective than the other tests because the experimenter had to decide
whether each cell exhibits inihibition of S6 phosphorylation. Therefore, we decided to
focus principally on the immunoblot assay, as this was the most reliable and straight-
forward approach. It was quicker, easier and cheaper than the other methods and
provided information on the stability of the variants being tested as well as on their
biochemical activities. We have used this assay to determine whether specific variants in
the TSC1 and TSC2 genes are pathogenic, causing disease in TSC patients. Furthermore,
due to improvements in the protocol, we have been able to increase the numbers of
variants that are analysed, and to reduce the cost per analysed variant.

To facilitate the analysis of unclassified TSC1 and TSC2 variants we developed a
new, robust, reliable and rapid assay of TSC1-TSC2 function. Because the preparation of
the TSC1 and TSC2 variant constructs by site-directed mutagenesis is an unavoidable
step, we focused on developing improved methods for assaying TSC1-TSC2 activity.
First we developed an enzyme-linked immunosorbent assay (ELISA) to detect TSC1-
TSC2-dependent changes in the mTOR signal transduction pathway. However, we were
unable to obtain satisfactorily reliable data due to high background signals. Therefore we
decided to set up an in-cell Western (ICW) assay using secondary antibodies labelled
with fluorochromes that are excited by irradiation in the infrared spectrum and
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consequently suffer from less background noise than more conventional conjugates (23).
ICW assays have the advantage of being reproducible, amenable to automation and
simple to perform. For example, they are conveniently carried out in a 96-well microtitre
plate format whcih makes handling and analysis straightforward. This approach proved
more successful. We demonstrated that TSC1-TSC2 activty could be assayed using an
ICW (10). Furthermore, the ICW assay was more reproducible than the existing
immunoblotting approach and could, in part, be performed on a robot workstation.
Comparison of the ICW results with results of the other assays of TSC1-TSC2 function
indicated that the assay provided a good estimate of the ability of TSC2 variants to inhibit
mTOR, but did not reveal whether this was because the TSC1-TSC2 interaction was
affected. Furthermore, the ICW required large quantities of antibody, making the test
relatively expensive. To overcome both these problems we reverted to our original
immunoblot assay and concentrated on streamlining and improving the protocol. In
particular, we have now switched to a new gel-buffer system that has overcome the
previous reliability problems and reduced the time required for the running and blotting
of the gels. Our current assay allows us to analyse the TSC1-TSC2 interaction and the
activation of mTOR for 24 variants on a single gel.

Despite these improvements, assaying for the activity of TSC1 and TSC2 variants
remains expensive and time-consuming. In particular, the construction of the mutants by
site-directed mutagenesis remains a significant bottleneck.

Key Research Accomplishments

1. Derived 62 unclassified TSC2 variants: 27 pathogenic; 10 neutral; 27 still
unclassified/analysis not complete (Supporting data, Table 2).

2. Derived 20 unclassified TSC1 variants: 8 pathogenic; 7 neutral; 5 unclassified/analysis
not complete (Supporting data, Table 1).

3. Identification of TSC1 missense mutations that cause TSC (9).
4. Identification of a region of TSC1 (amino acids 50 - 224) required for maintaining
TSC1 at sufficient levels in the cell to form a stable TSC1-TSC2 complex and inhibit

MTOR (manuscript in preparation; Appendix).

5. Identification of amino acid residues involved in (i) TSC1-TSC2 binding, and (ii)
rhebGAP activity.

6. Robust assay for detection of pathogenic TSC2 variants (10).

7. Improvements in assay cost, throughput and reproducibility.
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Reportable Outcomes
1. Manuscripts:

Nellist M, Sancak O, Goedbloed M, Adriaans, Wessels M, Maat-Kievit A, Baars
M, Dommering C, van den Ouweland A and Halley D. "Functional characterisation of
the TSC1-TSC2 complex te assess multiple TSC2 variants identified in single families
affected by tuberous sclerosis complex™. BMC Med. Genet. (2008) 9:10
d0i:10.1186/1471-2350-9-10.

Nellist M, van den Heuvel D, Schluep D, Exalto C, Goedbloed M, Maat-Kievit A,
van Essen T, van Spaendonck-Zwarts, Jansen F, Helderman P, Bartalini G, Vierimaa O,
Penttinen M, van den Ende J, van den Ouweland A and Halley D. "Missense mutations to
the TSC1 gene cause tuberous sclerosis complex™. Eur. J. Hum. Genet. (2008)
doi:10.1038/ejhg.2008.170.

Coevoets R, Arican S, Hoogeveen-Westerveld M, Simons E, van den Ouweland
A, Halley D and Nellist M. "A reliable cell-based assay for testing unclassified TSC2
gene variants." Eur. J. Hum. Genet. (2008) doi:10.1038/ejhg.2008.184.

2. Abstracts/Presentations:

Nellist M "Functional analysis of TSC1 and TSC2 variants" 9th International
Research Conference on Tuberous Sclerosis Complex, 11 - 13th September 2008,
University of Sussex, Brighton, U.K. (oral presentation).

Mozaffari M, Hoogeveen-Westerveld M and Nellist M "Functional analysis of
TSC1 missense mutations identified in individuals with tuberous sclerosis complex”
Poster Session, 6th November 2008, LAM/TSC Seminar series, Harvard Medical School,
Boston, Massachusetts, U.S.A. (poster presentation).

3. Degrees awarded (supported by this award):
none

4. Databases:

Data generated by this study has been added to the LOVD TSC1 and TSC2
mutation databases (12, 13).
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Conclusions

Pathogenic, non-truncating TSC1 and TSC2 mutations can be distinguished from
non-pathogenic changes by studying the effects of the changes on the TSC1-TSC2
protein complex, or on splicing of the TSC1 and TSC2 mRNAs. Functional
characterisation of unclassified TSC1 and TSC2 variants complements existing diagnostic
tests and enables appropriate clinical care and counselling for more TSC patients and
their relatives.

Characterisation of multiple TSC1 and TSC2 variants has helped to define
structural and catalytic domains in TSC1 and TSC2. Identification of the amino acid
residues that are essential for regulating TSC1 and TSC2 turn-over and for maintaining
both the interaction between the two proteins and the integrity of the GAP domain should
help provide insight into the folding and three-dimensional structure of both proteins, as
well as the regulation and mechanism of GAP catalysis. The stability of the different
TSC1 and TSC2 variants, the strength of the TSC1-TSC2 interaction and the GAP
activity all influence the biological activity of the TSC1 and TSC2 variants in vivo.

In addition, the characterisation of the variants has provided insight into
genotype-phenotype correlations in TSC. We have obtained ecidence that some non-
truncating TSC2 mutations retain some activity and may be associated with a less severe
TSC phenotype.

We have assayed 2 aspects of TSC1 and TSC2 function to determine whether
specific amino acid changes are pathogenic. In addition to these protein experiments, we
will perform RT-PCR to establish whether putative splice site mutations in the TSC1 and
TSC2 genes affect mMRNA transcription, and cause disease. Prior to the start of the project
we investigated the effects of 4 unclassified splice site variants by RT-PCR. A TSC2
€.336+2insGT change reduced expression of the normal TSC2 mRNA and produced a
mutant splice variant derived from a site 90 bp downstream of the normal donor site. A
TSC2 c.2546-27del14 change resulted in expression of a mutant mRNA species
containing 104 nucleotides from intron 21. A TSC2 ¢.599+4A>G substitution that
cosegregated with TSC in a multi-generation family only revealed the normal TSC2
MRNA. No TSC2 mRNA was transcribed from the mutant allele. Likewise, mRNA from
a TSC2 c.4611G>A mutant allele was either unstable or not transcribed. We are currently
awaiting ethical approval to be able to continue with these experiments.

In total, we have tested, or are in the process of testing, 91 TSC2 variants and 25
TSC1 variants. So far, we have classified 45 TSC2 variants and 11 TSC1 variants as
pathogenic, and 20 TSC2 variants and 9 TSC1 variants as not pathogenic.

Innovations:

The functional characterisation of TSC1 and TSC2 variants has extended the
current diagnostic service that can be offered to TSC patients and their families. Further,
it has helped identify and characterise the structural and functional domains in TSC1 and
TSC2, and provided insight into specific genotype-phenotype correlations in TSC.

Impact:

Test to allow pathogenic and non-pathogenic TSC1 and TSC2 variants to be
distinguished are of direct importance to the individuals who carry or may inherit these
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variants, and the data generated by this study will have a significant impact on
individuals and families affected by TSC in whom ‘unclassified variants' have been
identified.

The results from the study have already enabled families to obtain more certainty
about their condition and to be be able to seek appropriate and accurate care and
counselling. In addition, comparison of the biochemical effects of different pathogenic
variants with the corresponding phenotypes in the affected individuals has provided
additional insight into possible genotype-phenotype correlations in TSC. In particular, we
have established that specific non-truncating mutations could be associated with a less
severe TSC phenotype.

Finally, the identification of amino acids essential for TSC1-TSC2 function has
provided more insight into the molecular mechanisms of TSC1-TSC2 function. These
data will be useful not only for assessing and testing the accuracy of current predictive
methods of amino acid analysis but also in the development of new, improved predictive
methods.
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Supporting Data

Table 1. Functional classification of TSC1 variants. Variants analysed as part of the
current project are indicated in bold.

nucleotide | effecton | amino SIFT effecton | status reference
change splicing acid prediction | TSC2
predicted | change function?
?
c.149T>C | no p.L50P not yes pathogenic | see
tolerated appendix
c.153A>C | no p.E5S1D tolerated no not see
pathogenic | appendix
c.182T>C | no p.L61P not yes pathogenic | see
tolerated appendix
c.278T>G | no p.L93R not yes pathogenic | see
tolerated appendix
¢.350T>C no p.L117P not yes pathogenic | 9
tolerated
c.379 381d | yes p.128delV | - yes pathogenic | 9
elTGT
c.397G>T | no p.V133F not yes pathogenic | see
tolerated appendix
€.539T>C | no p.L180P not yes pathogenic | 9
tolerated
€.568C>T no p.R190C not no not see
tolerated pathogenic | appendix
€.569G>C | no p.R190P not yes pathogenic | see
tolerated appendix
c.572T>A | no p.L191H not yes pathogenic | 9
tolerated
€.593 595d | no p.NF198del | - yes pathogenic | 9
elACT insl
C.671T>G no p.M224R not yes pathogenic | 9
tolerated
c.737G>A | yes p.R246K not no pathogenic | 9
tolerated splice*
c.913G>A | yes p.G305R tolerated no pathogenic | 9
splice*
€.913G>T | yes p.G305W | tolerated no pathogenic | 9
splice*
c.1001C>T | no p.S334L tolerated no not see
pathogenic | appendix
€.1433A>G | yes p.E478G tolerated no not see
pathogenic | appendix
p.479insG | - possible analysis
N not yet
completed
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nucleotide | effecton | amino SIFT effecton | status reference
change splicing acid prediction | TSC2
predicted | change function?
?
€.1526G>A | no p.R509Q tolerated no not 9
pathogenic
€.1648C>G | no p.Q550E tolerated no not see
pathogenic | appendix
€.1974C>G | no p.D658E tolerated no not see
pathogenic | appendix
€.1976C>T | no p.A659V tolerated no not see
pathogenic | appendix
€.2420T>C | no p.1807T tolerated no not see
pathogenic | appendix
¢.3103G>A | no p.G1035S tolerated no not 9
pathogenic
€.3290G>A | no p.R1097H | tolerated no not 9
pathogenic
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Table 2. Functional classification of TSC2 variants. Variants analysed as part of the
current project are indicated in bold.

nucleotide | effect on amino SIFT effecton | status reference
change splicing acid prediction | TSC2
predicted? | change function?
c.170G>A | no p.R57H not possible analysis not
tolerated yet
completed
c.185G>A | no p.G62E tolerated no not 10
pathogenic
€.292C>T | no p.R98W not yes (mild) | unclassified | 10
tolerated
€.395C>G | no p.S132C tolerated no not 8
pathogenic
€.429C>G | no p.F143L tolerated yes (mild) | unclassified | 8
c.586G>A | no p.A196T | tolerated no not
pathogenic
€.646G>A | no p.E216K | tolerated possible analysis not
yet
completed
€.656T>C | no p.L219P not yes pathogenic
tolerated
c.730T>C | no p.C244R not yes pathogenic 8
tolerated
€.825C>A | no p.N275K | tolerated possible analysis not
yet
completed
c.824delA | no p.275deIlN | - yes pathogenic 10
CA
¢.1001T>C | no p.V334A | not possible analysis not
tolerated yet
completed
€.1001T>G | no p.V334G not possible analysis not
tolerated yet
completed
€.1019T>C | no p.L340P not yes pathogenic
tolerated
c.1100G>A | no p.R367Q tolerated no not 11
pathogenic
c.1118A>C | yes p.Q373P tolerated no pathogenic 10
splice
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nucleotide | effect on amino SIFT effecton | status reference
change splicing acid prediction | TSC2
predicted? | change function?
€.1235A>T | yes p.E412V not not 7
tolerated no pathogenic
p.412del8 | - yes pathogenic
splice
€.1255C>T | yes p.P419S not possible analysis not
tolerated completed
yet
€.1366G>A | no p.E456K | tolerated no not
pathogenic
€.1385G>A | no p.R462H not possible analysis not
tolerated completed
yet
€.1385 138 | no p.R462P not possible analysis not
6delinsCT tolerated completed
yet
€.1397T>C | no p.L466P tolerated yes pathogenic
c.1574A>G | no p.N525S tolerated no not 11
pathogenic
c.1736del7 | no p.580del - yes pathogenic 10
8 26
€.1791insC | no p.597insH | - yes pathogenic
AC
c.1792T>C | no p.Y598H | tolerated yes pathogenic 8
€.1796A>T | no p.K599M | tolerated no not 11
pathogenic
€.1820C>A | no p.A607E tolerated yes pathogenic 10
c.1819G>T | no p.A607S tolerated no not
pathogenic
€.1819G>A | no p.A607T tolerated no not
pathogenic
€.1826_182 | no p.609insS | - yes pathogenic 11
8dup
€.1832G>A | no p.R611Q not yes pathogenic 11
tolerated
€.1831C>T | no p.R611W | not yes pathogenic 11
tolerated
€.1841C>A | no p.A614D tolerated yes pathogenic 11
c.1844T>C | no p.F615S tolerated yes pathogenic 11
€.1865G>C | no p.R622C not possible analysis not
tolerated completed
yet
€.1864C>T | no p.R622W | not yes pathogenic
tolerated
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nucleotide | effect on amino SIFT effecton | status reference
change splicing acid prediction | TSC2
predicted? | change function?
c.2078T>C | no p.L693P not possible analysis not
tolerated completed
yet
€.2087G>A | no p.C696Y not yes pathogenic 11
tolerated
€.2306T>A | no p.V769E tolerated yes pathogenic 11
€.2363T>G | no p.M788R | not possible analysis not
tolerated completed
yet
€.2458 246 | no p.820dell | - yes pathogenic 8
Odel
€.2476C>A | no p.L826M not no not 11
tolerated pathogenic
€.2666C>T | no p.A889V not possible analysis not
tolerated completed
yet
€.2690T>C | no p.F897S not yes pathogenic
tolerated
€.2713C>G | no p.R905G not yes pathogenic 6
tolerated
€.2714G>A | no p.R905Q not yes (mild) pathogenic 6, 11
tolerated
€.2713C>T | no p.R905W | not yes pathogenic 6
tolerated
c.2747T>G | no p.L916R not yes pathogenic
tolerated
€.2853A>T | no p.R951S tolerated possible analysis not
completed
yet
€.2963G>C | no p.R988P tolerated no not
pathogenic
€.2978C>T | no p.T993M tolerated no not 8
pathogenic
€.3082G>A | no p.D1028N | not possible analysis not
tolerated completed
yet
€.3095G>C | no p.R1032P | not yes pathogenic
tolerated
¢.3106T>C | no p.S1036P | not possible analysis not
tolerated completed
yet
c.3182T>C | no p.L1061P | not yes pathogenic
tolerated
€.3203C>A | no p.T10681 | not yes pathogenic 10
tolerated
€.3224C>T | no p.T1075I1 not no not 10
tolerated pathogenic
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nucleotide | effect on amino SIFT effecton | status reference
change splicing acid prediction | TSC2
predicted? | change function?
€.3476G>T | no p.R1159L | tolerated possible analysis not
completed
yet
c.3476G>A | no p.R1159Q | tolerated possible analysis not
completed
yet
€.3475C>T | no p.R1159W | tolerated possible analysis not
completed
yet
€.3596T>G | no p.V1199G | tolerated yes pathogenic 10
€.3598C>T | no p.R1200W | not possible analysis not
tolerated completed
yet
€.3605C>A | no p.P1202H | tolerated yes pathogenic 11
€.3943C>G | no p.P1313A | tolerated no not 10
(P1292A) pathogenic
c.4105C>T | no p.R1369W | tolerated possible analysis not
(R1346W) completed
yet
€.4225C>T | no p.R1409W | tolerated no not
(R1386W) pathogenic
€.4298C>T | no p.S1433L | tolerated no not 10
(51410L) pathogenic
€.4316G>A | no p.G1439D | tolerated no not 10
(G1416D) pathogenic
€.4490C>G | no p.P1497R | not possible analysis not
(P1474R) | tolerated completed
yet
€.4489C>T | no p.P1497S | tolerated yes pathogenic
(P1474S)
€.4489C>A | no p.P1497T | not possible analysis not
(P1474T) | tolerated completed
yet
€.4525 452 | no p.1510del | - no not
7del F pathogenic
(1487delF
)
c.4601T>A | no p.L1534H | not yes pathogenic 8
(L1511H) | tolerated
€.4604A>C | no p.D1535A | not yes pathogenic 10
(D1512A) | tolerated
c.4643T>C | no p.L1548P | not yes pathogenic
(L1525P) | tolerated
€.4700G>T | no p.G1567V | not yes pathogenic 10
(G1544V) | tolerated
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nucleotide | effect on amino SIFT effecton | status reference
change splicing acid prediction | TSC2
predicted? | change function?
c.4726del5 | no p.1575del | - yes pathogenic 10
7 19
(1552del1
9
€.4733T>C | no p.L1578P | not yes pathogenic
(L1555P) | tolerated
c.4735G>A | no p.G1579S | not yes pathogenic 17
(G1556S) | tolerated
€.4918C>T | no p.H1640Y | not yes pathogenic 10
(H1617Y) | tolerated
€.4927A>C | no p.N1643H | not possible analysis not
(N1620H) | tolerated completed
yet
€.4928A>T | no p.N16431 | not possible analysis not
(N16201) | tolerated completed
yet
€.4929C>G | no p.N1643K | not possible analysis not
(N1620K) | tolerated completed
yet
€.4928A>G | no p.N1643S | not yes pathogenic
(N1620S) | tolerated
€.4937T>G | no p.V1646G | not yes pathogenic 10
(V1623G) | tolerated
¢.5057A>C | no p.Q1686P | tolerated yes pathogenic
(Q1663P)
€.5138G>A | no p.R1713H | not yes pathogenic
(R1690H) | tolerated
€.5228G>A | no p.R1743Q | not yes pathogenic 10
(R1720Q) | tolerated
€.5227C>T | no p.R1743W | not yes pathogenic 10
(R1720W) | tolerated
€.5238 525 | no p.1746del | - possible analysis not
5del18 6 completed
(1723del6) yet
€.5376G>C | no p.Q1792H | not possible analysis not
(Q1769H) | tolerated completed
yet
€.5383C>T | no R1795C not no not 8
(R1772C) | tolerated pathogenic
€.5386C>A | no p.L17961 | tolerated possible analysis not
(L17731) completed
yet
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Figure 1. Comparison of TSC1 SIFT prediction analysis and data from the LOVD TSC1
mutation database.

(A) TSC1 SIFT prediction analysis. Graphical representation of the SIFT analysis results
for TSC1. Each amino acid is represented by a box. Solid green boxes represent positions
that are completely tolerant (all amino acid changes are possible); open green boxes
represent positions where one or two amino acid substitutions are not tolerated. Solid red
boxes represent completely intolerant positions (no amino acid changes tolerated); open
red boxes represent positions where only three or fewer amino acid changes are tolerated.
The stop codon is indicated in blue.

(B) TSC1 variants listed in the LOVD TSC1 mutation database. Graphical representation
of variants listed in the LOVD TSC1 mutation database. Each amino acid is represented
by a box. Green indicates a neutral variant; red indicates a pathogenic change; orange
indicates an unclassified variant. Variants analysed as part of this project are highlighted
in bold. The stop codon is indicated in blue.

Figure 2. Comparison of TSC2 SIFT prediction analysis and data from the LOVD TSC2
mutation database.

(A) TSC2 SIFT prediction analysis. Graphical representation of the SIFT analysis results
for TSC2. Each amino acid is represented by a box. Solid green boxes represent positions
that are completely tolerant (all amino acid changes are possible); open green boxes
represent positions where one or two amino acid substitutions are not tolerated. Solid red
boxes represent completely intolerant positions (no amino acid changes tolerated); open
red boxes represent positions where only three or fewer amino acid changes are tolerated.
The stop codon is indicated in blue.

(B) TSC2 variants listed in the LOVD TSC2 mutation database. Graphical representation
of variants listed in the LOVD TSC2 mutation database. Each amino acid is represented
by a box. Green indicates a neutral variant; red indicates a pathogenic change; orange
indicates an unclassified variant. Variants analysed as part of this project are highlighted
in bold. The stop codon is indicated in blue.

Figure 3. TSC1-TSC2 dependent inhibition of signalling through mTOR by TSC2 codon
905 variants.

(A) Immunoblot analysis of HEK 293T cells expressing TSC1, S6K and either wild-type
TSC2 or the R905G, R905Q or R905W variants. Cells were transfected with decreasing
amounts of the wild-type or variant expression constructs. Wild-type TSC2 (TSC2), the
TSC2 variants (R905G, R905Q, R905W), TSC1, T389-phosphorylated S6K (T389) and
total S6K (S6K) were detected using specific antibodies.

(B) Mean ratio of T389-phosphorylated S6K (T389) to total S6K (T389/S6K) in the
presence of wild-type TSC2 and the different vcodon 905 variants. S6K phosphorylation
in the presence of the R905Q variant is reduced compared to the pathogenic R905G and
R905W variants, but is increased with respect to active, wild-type TSC2. Standard
deviations are indicated.

(C) Inhibition of S6 S235/236 phosphorylation in Tsc2 -/- MEFs. Wild-type TSC2
(TSC2), the TSC2 R905G, R905Q and R905W variants and the R611Q mutant were
over-expressed in Tsc2 -/- MEFs either with or without coexpressed TSC1. Cells
expressing the different TSC2 variants were counted in 3 separate experiments (>50 cells
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were counted per experiment) and the number of cells showing a clear reduction in S6
phosphorylation were determined. The mean percentage of cells showing inhibition of S6
phosphorylation is indicated for each variant. The proportion of cells expressing the
TSC2 R905Q variant and showing inhibition of S6 phosphorylation is reduced compared
to wild-type TSC2 but increased compared to the pathogenic R905G, R905W and R611Q
mutants. Standard deviations are indicated.

Figure 4. TSC1-TSC2 dependent inhibition of S6K-T389 phosphorylation by the TSC2
R57H variant.

(A) Immunoblot analysis of HEK 293T cells expressing TSC1, S6K and either wild-type
TSC2, the R57H variant or the R611Q mutant. Control cells transfected with either TSC1
and S6K only, S6K only or with vector only (control) are also indicated. The TSC2
variants, TSC1, T389-phosphorylated S6K (T389) and total S6K (S6K) were detected
using specific antibodies.

(B) - (E) Quantification of the immunoblot shown in (A), showing approximately equal
levels of the different TSC2 variants (B); reduced TSC1 levels in the absence of TSC2 or
the presence of the R611Q mutant (C); approximately equal levels of S6K (D); increased
ratio of T389-phosphorylated to total S6K in the absence of wild-type TSC2 (E). Note
that the mean level of TSC1 in the cells excpressing the R57H variant is reduced with
respect to the wild-type TSC2 control, and that the mean T389/S6K ratio is increased
with respect to the wild-type TSC2, but decreased compared to the pathogenic R611Q
mutant.
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Abstract

Background: Tuberous sclerosis complex (TSC) is an autosomal dominant disorder
characterised by seizures, mental retardation and the development of hamartomas in a variety of
organs and tissues. The disease is caused by mutations in either the TSC/ gene on chromosome
9934, or the TSC2 gene on chromosome |6p13.3. The TSC/ and TSC2 gene products, TSCI and
TSC2, interact to form a protein complex that inhibits signal transduction to the downstream
effectors of the mammalian target of rapamycin (mTOR).

Methods: We have used a combination of different assays to characterise the effects of a number
of pathogenic TSC2 amino acid substitutions on TSCI-TSC2 complex formation and mTOR
signalling.

Results: We used these assays to compare the effects of 9 different TSC2 variants (S132C, FI143L,
A196T, C244R, Y598H, 1820del, T993M, LI5SIIH and RI772C) identified in individuals with
symptoms of TSC from 4 different families. In each case we were able to identify the pathogenic
mutation.

Conclusion: Functional characterisation of TSC2 variants can help identify pathogenic changes in
individuals with TSC, and assist in the diagnosis and genetic counselling of the index cases and/or
other family members.

Background tion and the development of hamartomas in a variety of
Tuberous sclerosis complex (TSC) is an autosomal domi-  organs and tissues [1]. The disease is caused by mutations
nant disorder characterised by seizures, mental retarda-  in either the TSCI gene on chromosome 9q34 [2], or the
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TSC2 gene on chromosome 16p13.3 [3]. Loss of heterozy-
gosity studies at the TSC1 and TSC2 loci in TSC-associated
lesions indicate that TSC1 and TSC2 are tumour suppres-
sor genes [1]. Comprehensive screens for mutations at
both the TSC1 and TSC2 loci have been performed in sev-
eral large cohorts of TSC patients and a wide variety of dif-
ferent pathogenic mutations have been described [4-10].
In most studies approximately 20% of the identified
mutations are either missense changes or small, non-trun-
cating insertions/deletions, predominantly in the TSC2
gene.

The phenotypic expression of TSC is highly variable and
in some cases it can be difficult to establish a definitive
clinical diagnosis. Generally the diagnosis is made based
on multiple clinical criteria that are categorized into
major and minor features [11]. The presence of 2 major
features, or one major and 2 minor features, is sufficient
for a definite diagnosis. In recent years, mutation analysis
has become an additional diagnostic tool in familial as
well as sporadic TSC. However, it is sometimes difficult to
establish whether an identified nucleotide change, partic-
ularly a missense change, is a genuine pathogenic muta-
tion, or a (rare) polymorphism. In familial cases where a
missense change cosegregates with TSC, or in cases where
key relatives are not available for testing, a distinction can-
not be made on genetic grounds alone. Furthermore,
many tools for the analysis of amino acid substitutions
[12-14], may not predict the effect of a particular substitu-
tion reliably.

The TSC1 and TSC2 gene products, TSC1 and TSC2, inter-
act to form a protein complex which acts as a GTPase acti-
vating protein (GAP) for the rheb GTPase, preventing the
rheb-GTP-dependent stimulation of cell growth through
the mammalian target of rapamycin (mTOR) [15]. In cells
lacking either TSC1 or TSC2, the downstream targets of
mTOR, p70 S6 kinase (S6K) and ribosomal protein S6, are
constitutively phosphorylated [16,17]. The identification
of the role of the TSC1-TSC2 complex in regulating signal
transduction through mTOR has made it possible to
assess the activity of different TSC1 and TSC2 variants. The
effects of amino acid changes on TSC1-TSC2 complex for-
mation, on the activation of rheb GTPase activity by the
complex, and on the phosphorylation status of S6K and
S6, the downstream effectors of mTOR, can be determined
[18,19].

Here, we apply assays of TSC1-TSC2 function to assist in
the identification, diagnosis and counselling of 4 families
with TSC. In each index case at least 2 changes in the TSC2
gene were detected. To identify the disease-causing muta-
tion in each family we characterised the effects of the
changes on the activity of the TSC1-TSC2 complex. In
each case we were able to identify the pathogenic TSC2
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variant. Our analysis demonstrates that biochemical
assays can help resolve otherwise intractable problems in
clinical genetic diagnostics.

Methods

Mutation analysis

DNA was extracted from peripheral blood using standard
techniques. Mutation analysis was performed using a
combination of single-strand conformational polymor-
phism analysis, denaturing gradient gel electrophoresis,
direct sequencing, Southern blotting and fluorescence in
situ hybridisation, as previously described [8]. In addition,
the multiplex ligation-dependent probe amplification
assay was performed (MRC Holland, The Netherlands).
TSC2 sequence changes were numbered according to the
original cloning paper [3].

To investigate whether the changes had an effect on RNA
splicing, 3 different splice-site prediction programs [12-
14]. were used. Amino acid substitutions were evaluated
using the PAM 250 [15], BLOSUM 62 [16] and Grantham
[17] matrices and SCANSITE [23].

Generation of constructs and antisera

Expression constructs encoding the identified variants
were derived using the Stratagene QuikChange site-
directed mutagenesis kit and in each case verified by
sequencing the complete open reading frame. All the
other constructs used in this study have been described
previously [21,24,25]. Polyclonal rabbit antisera specific
for human TSC1 and TSC2 have been described previ-
ously [25]. Other antibodies were purchased from Cell
Signaling Technology.

Transfections, immunocytochemistry, immunoblotting,
immunoprecipitation assays and the in vitro assay of rtheb
GTPase activity were performed as described previously
[21].

Results

Patient characteristics

Family |

(Figure 1A) The index case (II:2) died shortly after birth
due to a solitary rhabdomyoma in the right ventricle of
the heart. Post-mortem examination did not reveal any
other findings indicative of TSC. Both parents underwent
a full clinical evaluation. Dermatological, cardiological,
ophthalmological, neurological and radiological exami-
nations were negative for signs of TSC except for one nail
groove and one hypomelanotic macule in individual I:1.
The sibling of the index case (II:1) was healthy, but was
not investigated further. At the first trimester of the third
pregnancy, mutation analysis of the index case had not
been completed and prenatal DNA testing could not be
offered. Fetal echocardiography did not reveal any heart
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Figure |

Pedigrees of the investigated families. (A) Family I, (B) Family 2, (C) Family 3 and (D) Family 4. Arrows indicate the index cases.
Clear symbols indicate no signs or symptoms of TSC; |/4-filled symbols indicate one minor feature of TSC; I/2-filled symbols
indicate possible TSC; 3/4-filled symbols indicate probable TSC, filled symbols indicate definite TSC, and individuals with epi-
lepsy only are indicated. A question mark indicates individuals where no clinical data was available. Genotypes are shown for

the individuals where DNA was available for testing.
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defects and the pregnancy resulted in the birth of a
healthy child (II:3).

Family 2

(Figure 1B) The index case (IlI:4) had multiple
hypomelanotic macules and dental pits, epilepsy and
electroencephalographic abnormalities, and was diag-
nosed with 'probable TSC'. One of the parents of the index
case (I1:10) had multiple dental pits and a computer tom-
ography scan revealed 2 small calcifications in the nucleus
caudatus which were not typical for TSC. Magnetic reso-
nance imaging was performed and showed no additional
abnormalities. Individual II:9, the other parent of the
index case, had a single 2 centimetre cyst in the left kidney
and a single ash leaf-shaped area of hypopigmentation,
insufficient for a diagnosis of TSC. Individual II:11, the
sibling of 1I:10, had neurological and ophthalmological
problems and died at the age of 13 due to status epilepti-
cus. Individual III:1, the half-sibling of the index case and
the child of individual II:9, had a history of possible epi-
lepsy at the age of 3 years and was again diagnosed with
epilepsy at 12 years of age. A subsequent full diagnostic
work-up identified cortical tubers and 7 hypomelanotic
macules, fulfilling the diagnostic criteria for definite TSC.
Individual II:8 had multiple dental pits and 10 irregular
hypopigmentations, atypical for TSC.

Family 3

(Figure 1C) The index case (II:1) was diagnosed with def-
inite TSC. One parent (1:2) did not show any clinical signs
of TSC, and there was no information on the other parent

(I:1).

Family 4

(Figure 1D) The index case (II:1) was diagnosed with def-
inite TSC. Individual I:1, the parent of the index case, had
angiomyolipoma but no other reported signs of TSC, and
individual II:2, the sibling of the index case had epilepsy,
but no other signs of TSC.

Mutation analysis

Family |

The index case (II:2) was heterozygous for 2 changes in
the TSC2 gene: TSC2 2476delATC (deletion of isoleucine
at codon 820, 1820del) and TSC2 5332C>T (arginine to
cysteine substitution at codon 1772, R1772C). Analysis of
the parents indicated that the index case had inherited
one change from each parent. No DNA was available from
other relatives.

Family 2

The index case (IlI:4) was heterozygous for 2 missense
changes: TSC2 2996C>T (threonine to methionine substi-
tution at codon 993, T993M) and TSC2 4550T>A (leucine
to histidine amino acid substitution at position 1511,
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L1511H). Analysis of additional family members (indi-
viduals I:3, I:4, II:9, 1I:10 and III:3) confirmed that one
substitution was paternal in origin and the other mater-
nal.

Family 3

The index case (II:1) was heterozygous for 2 missense
changes: TSC2 604G>A (alanine to threonine substitution
at codon 196, A196T) and TSC2 1810T>C (tyrosine to his-
tidine substitution at codon 598, Y598H). Neither substi-
tution was detected in parent I:2, and DNA from parent
I:1 was not available for testing.

Family 4

The index case (II:1) was heterozygous for 3 missense
changes in the TSC2 gene: TSC2 413C>G (serine to
cysteine substitution at codon 132, S132C), TSC2
447C>G (phenylalanine to leucine substitution at codon
143, F143L) and TSC2 748T>C (cysteine to arginine sub-
stitution at codon 244, C244R). The S132C and F143L
substitutions were inherited from parent I:1. No DNA was
available from the other parent.

Comparison of the allele ratios of the index cases and par-
ents did not reveal any evidence for somatic mosaicism in
the leukocyte DNA from any of the families studied. None
of the changes showed an effect on splicing according to
the 3 splice-site prediction programs used.

As shown in Table 1, the identified amino acid changes
were compared using the PAM 250 [15], BLOSUM 62 [16]
and Grantham matrices [17]. In addition, the degree of
conservation of the amino acid residues in different meta-
zoan species was compared, as shown in Table 2.

Functional analysis

Families | and 2

The genetic data from families 1 and 2 indicated that in
both families the index case had inherited a different, rare
TSC2 variant from each parent. To determine whether the
1820del, R1772C, T993M and L1511H variants corre-
sponded to pathogenic mutations, the biochemical activ-
ity of each variant was compared to wild-type TSC2 and a
known, pathogenic TSC2 missense variant (R611Q) using
a variety of functional assays.

To investigate the ability of the TSC2 1820del, R1772C,
T993M and L1511H variants to interact with TSC1, coim-
munoprecipitation experiments were performed using
antibodies specific for TSC1. As shown in Figures 2A and
2B, coimmunoprecipitation of the TSC2 1820del variant
was reduced compared to wild-type TSC2, but was not
prevented completely (compare the 1820del variant to the
R611Q variant). The R1772C, T993M and L1511H amino
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Table I: Scores of the BLOSUM 62, PAM 250 and Grantham matrices. BLOSUM 62 scores range between -4 and |1, PAM 250 scores
between -8 and 17, and Grantham scores between 5 and 215. For the BLOSUM 62 and PAM 250 matrices, a more negative score
corresponds to a less conservative amino acid change. For the Grantham matrix, a higher number reflects a less conservative change.

Amino Acid Substitution Family BLOSUM 62 PAM 250 Grantham
TSC2 R1772C | -3 -4 180

TSC2 T993M 2 -1 -1 8l

TSC2 LI5SIIH 2 -3 -2 99

TSC2 A196T 3 0 | 58

TSC2 Y598H 3 2 0 83
TSC2S132C 4 -1 0 112

TSC2 F143L 4 0 2 22

TSC2 C244R 4 -3 -4 180

acid substitutions did not reduce TSC1-TSC2 coimmuno-
precipitation.

Next, the activation of rheb GTPase activity by the immu-
noprecipitated variant TSC1-TSC2 complexes was
assayed. As shown in Figure 2C, in the presence of the
wild-type TSC1-TSC2 complex the ratio of rheb-bound
GDP to GTP was 3-fold higher than in the presence of
TSC1 alone (control GDP/GTP = 0.4; wild-type GDP/GTP

Table 2: Evolutionary conservation of the variant TSC2 amino
acids. Inter-species conservation of the TSC2 S132, F143, A196,
C244, Y598 1820, T993, L1511 and R1772 amino acids is shown.

Family |
1820 R1772
human PDI | | KALP GQRKRLI SS
mouse PDI | | KALP GQRKRLI SS
rat PDI | | KALP GQRKRLI SS
pufferfish PDI M KLLP GQRKRLVST
fruitfly PEALNMRKLP no homology
Family 2
T993 LI5II
human SRI QTSLTS SVQLLDQ P
mouse SRI QTSLTS SvVQLLDQ P
rat SRI QTSLTS SVQLLDQ P
pufferfish RRVHTSTTT AVKVLDQWP
fruitfly no homology AVSLI DLVP
Family 3
Al196 Y598
human DEY!I ARM V | QLHYKHSY
mouse DEYI ASM V I QHYKHGY
rat DEY! APM V | QLHYKHGY
pufferfish DQNVASM V LQLHYKNKY
fruitfly DKDI LVG V LELHYERPK
Family 4
S132 F143 C244
human KDYPS NED RLEVFKALT | VTLCRTI N
mouse KDYPS NED RLEVFKALT |1 TLCRTI N
rat KDYPS NED RLEVFKALT 11 TLCRTVN
pufferfish RDYQPCNED RLEVFKALT 11 TLCRTVN
fruitfly | QNHEARED LLELLDTLT | TTLCRTVN

= 1.4). Coimmunoprecipitation of the TSC2 1820del vari-
ant was reduced compared to wild-type TSC2, and conse-
quently the activation of rtheb GTPase activity was also
reduced (wild-type GDP/GTP = 1.4; 1820del GDP/GTP =
0.9).

The immunoprecipitated R1772C and T993M variant
complexes increased the GDP/GTP ratio more than 4-fold
above the control value, and were therefore both at least
as active as wild-type TSC2 (wild-type GDP/GTP = 1.4;
R1772C and T993M GDP/GIP = 1.9). In contrast,
although TSC1-TSC2 coimmunoprecipitation was unaf-
fected by the L1511H substitution, the activation of rheb
GTPase activity was reduced 3-fold compared to wild-type
(wild-type GDP/GTP = 1.4; L1511H GDP/GTP = 0.5).

To determine whether the TSC2 1820del, R1772C, T993M
and L1511H variants affected mTOR activity, the variants
were overexpressed together with TSC1 and S6K in human
embryonal kidney 293 cells. Phosphorylation of the exog-
enous S6K linker domain (T389), as detected by immuno-
blotting, was used as a read-out for mTOR activity. As
shown in Figure 2E and 2F, S6K T389 phosphorylation
was increased in the presence of the TSC2 1820del,
L1511H and R611Q variants, compared to wild-type
TSC2 and the R1772C and T993M variants. To confirm
these findings, TSC1 and the TSC2 variants were overex-
pressed in Tsc2 -/- mouse embryo fibroblasts (MEFs) [16].
The S235/S236 phosphorylation of S6 in the MEFs
expressing the TSC2 variants was determined by double-
label immunofluorescent microscopy, as described previ-
ously [21]. As shown in Figure 2D, expression of the TSC2
R1772C and T993M variants suppressed S6 phosphoryla-
tion in more than 90% of the transfected cells, similar to
wild-type TSC2. In contrast, less than 20% of the MEFs
expressing the TSC2 1820del, L1511H or R611Q variants
showed inhibition of S6 phosphorylation. Therefore, in
both assays, the TSC2 1820del and L1511H variants were
unable to inhibit mTOR, indicating that both these vari-
ants are pathogenic, while the TSC2 R1772C and T993M
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Figure 2

Results of the functional assays on the TSC2 variants identified in family | (variants 1820del and R1772C) and family 2 (variants
T993M and LI51 IH). (A) Interaction between TSCI and TSC2 variants. TSCI-TSC2 complexes were immunoprecipitated
with antibodies specific for exogenous TSCI from HEK 293 cells over-expressing TSCI and wild-type TSC2 (wt) or TSCI and
the TSC2 variants. (B) Interaction between TSCI and TSC2 variants. Ratio of coimmunoprecipitated TSC2:TSCI, as detected
by immunoblotting, was estimated by densitometry scanning (Total Scan). (C) In vitro rheb GAP activity of immunoprecipitated
TSCI-TSC2 complexes. Rheb-bound GDP/GTP ratios were determined after 90 minutes incubation with the immunoprecipi-
tated wild-type TSCI-TSC2 complex (wt), protein A beads only (control), TSCI only, or TSCI-TSC2 variant complexes.
Rheb-bound GDP/GTP prior to addition of the TSCI-TSC2 complexes is shown (t = 0). (D) Inhibition of S6 phosphorylation
in Tsc2 -/- MEFs. Percentage of Tsc2 -/- MEFs transfected with expression constructs encoding TSCI and wild-type TSC2, or
TSCI and the TSC2 variants, and showing inhibition of S6 phosphorylation. Data from at least 3 separate experiments are
shown. (E) TSC2-dependent inhibition of S6K-T389 phosphorylation. S6K, TSCI and wild-type TSC2 (wt), or S6K, TSCI and
the TSC2 variants, were coexpressed in HEK 293 cells. Phosphorylation of S6K at the T389 position was determined by immu-
noblotting. A representative example of at least 3 separate experiments is shown. (E) TSC2-dependent inhibition of S6K-T389
phosphorylation. Ratio of total S6K:T389-phosphorylated S6K, as detected by immunoblotting, was estimated by densitometry
scanning (Total Scan). Mean ratios relative to TSC2 wild-type (wt) are shown.
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variants were just as active as wild-type TSC2 and are
therefore not pathogenic amino acid substitutions.

Families 3 and 4

In families 3 and 4, the clinical and genetic data was
incomplete. Multiple TSC2 variants were identified in the
index cases, but it was not clear if they were de novo, or had
been inherited from an untested parent. It was also
unclear whether the changes were confined to the same
allele. Therefore, to investigate the effects of the changes
on the ability of the TSC1-TSC2 complex to antagonise
mTOR signalling, TSC2 variants containing the different
combinations of amino acid substitutions were character-
ised.

As shown in Figure 3A and 3B, S6KT389 phosphorylation
was inhibited by expression of the TSC2 S132C, F143L
and A196T single variants, and by the S132C/F143L dou-
ble variant. In contrast, expression of the C244R and
Y598H single variants did not inhibit S6K phosphoryla-
tion, and expression of TSC1 was reduced in the presence
of these variants. Consistent with these observations, the
S132C/F143L/C244R triple variant and A196T/Y598H
double variant were unable to inhibit S6K phosphoryla-
tion and TSC1 expression was reduced in the presence of
these variants, compared to in the presence of wild-type
TSC2. To provide confirmation for these data, double-
label immunofluorescent microscopy was performed to
determine whether S6 phosphorylation was down-regu-
lated in Tsc2 -/- MEFs expressing the different variants. As
shown in Figure 3C, expression of the TSC2 C244R,
S132C/F143L/C244R, Y598H and A196T/Y598H variants
was unable to inhibit S6 phosphorylation in the Tsc2 -/-
MEFs. Therefore, in both assays, the Y598H and C244R
variants correspond to the pathogenic mutations in fami-
lies 3 and 4 respectively.

Discussion

Mutation analysis of the TSC1 and TSC2 genes in individ-
uals with TSC, and in those suspected of having the dis-
ease, facilitates the diagnosis of TSC, and can help genetic
counselling. In most cases, analysis of the patient's DNA
results in the identification of a pathogenic mutation.
However, in some cases it is impossible to determine from
the genetic data alone whether specific, identified changes
are pathogenic or not. This can be a particular problem
when a change co-segregates with signs of TSC in a single
family. To address such cases, we have performed func-
tional analysis of the predicted protein products of the
TSC2 variants identified in 4 families with TSC.

In families 1 and 2 the index case did not fulfil the diag-
nostic criteria for TSC and had inherited 2 non-truncating
TSC2 nucleotide changes, one from each parent. It was
not possible to determine from the clinical and genetic
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data alone whether the families were affected by TSC and,
if that was the case, which nucleotide change was the dis-
ease-causing mutation.

In families 3 and 4, in which the index case did fulfil the
diagnostic criteria for TSC, it was impossible to determine
whether the identified TSC2 variant was pathogenic
because essential genetic and/or clinical data was not
available. In all the above cases we analysed the effect of
the identified changes on the activity of the TSC1-TSC2
complex in order to establish which of the changes were
pathogenic mutations.

Families | and 2

The in vitro GTPase activity of rheb was not stimulated in
the presence of the TSC2 1820del and L1511H variants,
and neither variant was able to inhibit S6K and S6 phos-
phorylation as effectively as wild-type TSC2, or the
R1772C and T993M variants. In addition, the I820del var-
iant formed a complex with TSC1 less efficiently than
wild-type TSC2. The 1820del and L1511H changes there-
fore had similar effects to other pathogenic TSC2 missense
mutations, disrupting the function of the TSC1-TSC2
complex in vitro. We classified the 1820del and L1511H
variants as pathogenic mutants. The R1772C and T993M
substitutions had no effect on TSC1-TSC2 activity in the
assays used and were therefore classified as rare polymor-
phisms.

In utero cardiac thabdomyoma was the only sign of TSC in
the index patient of family 1 (individual II:2). Rhabdomy-
oma is the most common foetal and neonatal cardiac
tumour and although it can be associated with several dif-
ferent genetic disorders, TSC is implicated in as many as
two-thirds of the cases [26]. Confirmation of the inactivat-
ing nature of the TSC2 1820del mutation identified in
family 1 meant that a diagnosis of TSC could be assigned
to individuals I:1 and II:2 with more certainty. Previously,
the very mild presentation of the disease in individal I:1
had made diagnosis difficult. Mutation analysis, comple-
mented by functional assays, was required to establish
whether this individual carried a pathogenic TSC2 muta-
tion, and the identification of a mutation in this individ-
ual has implications for the family in regard to decisions
about having additional children and to the risk of other
relatives of the parent. Somatic mosaicism in individual
I:1 could not be rigorously excluded, since only leukocyte
DNA was available for analysis. Therefore, the recurrence
risk for this couple is up to 50%.

Analysis of the TSC2 1820del mutant indicated that the
isoleucine residue helps to stabilise TSC1-TSC2 binding.
However, since some TSC1-TSC2 binding was detected,
and some rheb GAP activity could also be measured, it is
possible that the TSC2 1820del variant retains some activ-
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Figure 3

Results of the functional assays on the TSC2 variants identified in family 3 (variants A196T and Y598H) and family 4 (variants
S132C, FI43L and C244R). (A) TSC2-dependent inhibition of S6K-T389 phosphorylation. S6K, TSCI| and wild-type TSC2 (wt),
or S6K, TSCI and the TSC2 variants, were overexpressed in HEK 293 cells. Phosphorylation of S6K at the T389 position was
determined by immunoblotting. A representative example of at least 3 separate experiments is shown. (B) TSC2-dependent
inhibition of S6K-T389 phosphorylation. Ratio of total S6K:T389-phosphorylated S6K, as detected by immunoblotting, was
estimated by densitometry scanning (Total Scan). Mean ratios relative to TSC2 wild-type (wt) are shown.(C) Inhibition of S6
phosphorylation in Tsc2 -/- MEFs. Percentage of Tsc2 -/- MEFs transfected with expression constructs encoding TSCI| and wild-
type TSC2, or TSCI and the TSC2 variants, and showing inhibition of S6 phosphorylation. Data from at least 3 separate exper-
iments are shown.

Page 8 of 11

(page number not for citation purposes)



BMC Medical Genetics 2008, 9:10

ity in vivo. This provides a possible explanation for the
mild symptoms in individual I:1. The second variant iden-
tified in family 1, TSC2 R1772C, did not have a deleteri-
ous effect on the activity of the TSC1-TSC2 complex. This
was somewhat surprising as the R1772 residue is part of
the consensus extracellular signal-regulated kinase (ERK)
phosphorylation site that has been shown to be involved
in regulating the activity of the complex [27,28]. Indeed,
SCANSITE [23] indicated that the R1772C substitution
destroys the putative ERK phosphorylation site. Further-
more, both the BLOSUM 62 and PAM 250 matrices indi-
cated that the R1772C substitution is likely to have a
deleterious effect on TSC2 structure. One possibility is
that under certain conditions, the R1772C substitution
may have a modifying effect on the TSC1-TSC2 complex,
enhancing TSC1-TSC2 activity by preventing the Erk-
dependent down-regulation of the complex [28]. This
may explain the increased rheb GTPase activity measured
in the presence of the TSC2 R1772C variant, compared to
wild-type TSC2 (wild-type TSC2 GDP/GTP ratio = 1.4;
R1772C GDP/GTP ratio = 1.9; Figure 2B).

Both the 2476delATC (1820del) and 5332C>T (R1772C)
variants have been identified in TSC patients by other
researchers [29-31]. Strizheva et al. [30] suggested that the
R1772C substitution could be a pathogenic change while
Langkau et al. [31] concluded that it was a polymorphism.
The status of the 1820del change was not certain [29]. Our
analysis is consistent with the findings of Langkau et al.
and, in addition, indicates that the TSC2 1820del variant
is pathogenic. Furthermore, this example demonstrates
that predictions about the pathogenicity of missense
changes based on the results of the BLOSUM 62, PAM 250
and Grantham matrices are not always reliable.

In family 2, mutation analysis resulted in the identifica-
tion of 2 novel TSC2 missense changes, 2996C>T
(T993M) and 4550T>A (L1511H), in the index case (indi-
vidual III:4). Individual III:1, the half-sibling of the index
case was later diagnosed with TSC on the basis of the
accepted clinical criteria and was found to carry the TSC2
4550T>A (L1511H) substitution only. No other nucle-
otide changes were identified in the TSC1 or TSC2 genes
in either individual. The identification of the TSC2
L1511H change in individual III:1 excluded the T993M
change as the common cause of TSC in this family. How-
ever, it did not confirm the pathogenicity of the TSC2
L1511H change. The presence of multiple dental pits in
both individual 1I:8 and individual 1I:10 suggested that
the signs of TSC in individuals III:1 and II:4 could be
caused by two different mutations, inherited from indi-
viduals 1I:8 and II:12 respectively. However, the func-
tional tests confirmed the pathogenic nature of the TSC2
L1511H substitution, indicating that this was the disease-
causing mutation in both cases. The substitution of a basic
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histidine residue for a nonpolar leucine residue at posi-
tion 1511 did not affect the TSC1-TSC2 interaction, but
did abrogate the rheb GAP activity of the TSC1-TSC2
complex. Although L1511 is outside the predicted TSC2
GAP domain [3], it is clearly necessary for activity. The
substitution of a polar threonine for nonpolar methione
at position 993 had no deleterious effect on the
TSC1-TSC2 interaction or on the activity of the complex.
The T993M substitution occurs at a possible site of protein
kinase B (PKB)-dependent phosphorylation [27], and
may therefore inhibit PKB-mediated inactivation of the
TSC1-TSC2 complex. This may explain why the TSC2
T993M variant, like the R1772C variant, had a higher in
vitro theb GAP activity than wild-type TSC2 (wild-type
TSC2 GDP/GTP ratio = 1.4; T993M GDP/GTP ratio = 1.9;
Figure 2B). The T993M polymorphism may therefore also
act as a positive modifier of TSC1-TSC2 activity.

In family 3, 2 missense changes (TSC2 604G>A (A196T)
and TSC2 1810T>C (Y598H)) were identified in the index
case (individual II:1). Since there was no genetic or clini-
cal data on one of the parents, it was not possible to deter-
mine whether either of the changes was responsible for
TSC in this individual. Both variants had been identified
previously in other TSC patients [29], however in these
patients it was also not clear whether the changes were
pathogenic. Functional analysis indicated that the TSC2
Y598H substitution reduced TSC1-TSC2 binding and the
TSC1-TSC2 dependent inhibition of mTOR activity. In
contrast, the A196T substitution did not affect TSC2 activ-
ity. Therefore, the Y598H substitution was responsible for
TSC in individual II:1, as well as in other TSC patients
[29], and the A196T substitution is a rare polymorphism.

In family 4, 3 missense changes were identified in the
TSC2 gene. The 413C>G (S132C) and 447C>G (F143L)
substitutions were inherited from a parent with symp-
toms suggesting TSC. The third substitution, 748T>C
(C244R), was either a de novo mutation, or was inherited
from the other parent, on whom there was no clinical or
genetic data. None of these changes have been described
previously [29]. One possibility in this family was that the
combination of missense changes was responsible for the
TSC phenotype. Therefore we tested all the individual
TSC2 single amino acid variants (S132C, F143L and
C244R) as well as the TSC2 S132C/F143L double variant
and TSC2 S132C/F143L/C244R triple amino acid variant.
Neither the S132C nor the F143L changes had a signifi-
cant effect on TSC1-TSC2 function. In some assays the
F143L variant appeared less active than wild-type TSC2,
but still had the ability to significantly inhibit mTOR
activity. In contrast, the C244R amino acid substitution
reduced TSC1-TSC2 binding and was unable to inhibit
mTOR activity, either alone or in combination with the
S132C and F143L variants. We concluded that the C244R
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substitution was the pathogenic mutation in the index
case. Individual I:1 tested negative for the TSC2 748T>C
(C244R) substitution, but was diagnosed with angiomy-
olipomas. Although insufficient for a definite diagnosis of
TSC, the incidence of angiomyolipomas is high in the TSC
patient population. One possibility is that this individual
is a mosaic for the TSC2 748T>C (C244R) susbstitution,
and that the angiomyolipoma originates from these
mosaic cells. An alternative explanation is that the TSC2
447C>G (F143L) substitution does have an effect on TSC2
function, sufficient to allow the formation of angiol-
ipoma. The F143L amino acid substitution may therefore
be a negative modifier of TSC1-TSC2 activity, in contrast
to the R1772C and T993M substitutions identified in fam-
ilies 1 and 2, that, in some assays, appeared to increase
TSC1-TSC2 activity. Although there was no evidence in
family 1 or family 2 for the non-pathogenic TSC2 variant
acting in trans to neutralise the pathogenic variant, it will
be interesting to determine whether there are 'hyperactive'
TSC1 and TSC2 variants that can (partially) compensate
for the presence of pathogenic TSC1 and TSC2 variants.
Improving the sensitivity and reliability of the assays of
TSC1-TSC2 activity will allow us to more accurately
define the activity of different TSC1 and TSC2 variants.

We did not investigate the other putative functions of
TSC2 since, in each family, we were able to differentiate
between the TSC2 variants on the basis of their inhibition
of mTOR signalling. However, it may also be informative
to investigate the effects of pathogenic and non-patho-
genic amino acid substitutions on the other proposed
functions of TSC2, such as the regulation of p27 [32].

Care must always be taken in the interpretation of nucle-
otide or amino acid changes identified during molecular
genetic investigations. As the examples described here
demonstrate, both the affection status of individuals in a
family and the nature of the nucleotide changes identified
in those individuals are not always clear. To distinguish
between pathogenic mutations and harmless polymor-
phisms, we have analysed the effects of different amino
acid changes on the activity of the TSC1-TSC2 complex.
In each case we have been able to distinguish pathogenic
TSC2 variants from rare polymorphic variants, and
thereby identify the mutation in each family. We have
shown that functional assays can be a useful tool to com-
plement traditional DNA-based mutation analysis in TSC.
Identification of the pathogenic mutations in the TSC
families described here enabled not only genetic counsel-
ling and prenatal testing for future pregnancies but also
improved the diagnosis of affected family members to
facilitate their critical clinical care. The use of functional
assays to differentiate between polymorphisms and path-
ogenic mutations, in TSC and other diseases, will facilitate
not only the identification of pathogenic mutations but
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will also help establish how different amino acid residues
contribute to protein function.

Conclusion

Deletion of isoleucine at amino acid residue 820 of TSC2
and the TSC2 L1511H, C244R and Y598H amino acid
substitutions are sufficient to cause TSC. The TSC2
R1772C, T993M, S132C, F143L and A196T substitutions
are rare polymorphisms that do not inhibit TSC1-TSC2
function, and do not cause TSC.
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Missense mutations to the TSCT gene cause tuberous
sclerosis complex
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Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterised by the development of
hamartomas in a variety of organs and tissues. The disease is caused by mutations in either the TSC7 gene
on chromosome 9q34 or the TSC2 gene on chromosome 16p13.3. The TSCT and TSC2 gene products, TSC1
and TSC2, interact to form a protein complex that inhibits signal transduction to the downstream effectors
of the mammalian target of rapamycin (mTOR). Here we investigate the effects of putative TSCT missense
mutations identified in individuals with signs and/or symptoms of TSC on TSC1-TSC2 complex formation
and mTOR signalling. We show that specific amino-acid substitutions close to the N-terminal of TSC1
reduce steady-state levels of TSC1, resulting in the activation of mTOR signalling and leading to the
symptoms of TSC.
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Introduction
Tuberous sclerosis complex (TSC) is an autosomal domi-
nant disorder characterised by the development of hamar-
tomas in a variety of organs and tissues, including the
brain, skin and kidneys.'

Mutations in either the TSCI gene on chromosome
9q34° or the TSC2 gene on chromosome 16p13.3* cause
TSC. The TSCI and TSC2 gene products, TSC1 and TSC2,
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interact to form a protein complex. TSC2 contains a
GTPase-activating protein domain and the TSC1-TSC2
complex acts on the rheb GTPase to prevent the rheb-GTP-
dependent stimulation of cell growth through the mam-
malian target of rapamycin (mTOR).® In cells lacking either
TSC1 or TSC2, the downstream targets of mTOR, including
p70 S6 kinase (S6K) and ribosomal protein S6, are
constitutively phosphorylated.®” The identification of the
role of the TSC1-TSC2 complex in regulating mTOR
activity has made it possible to compare TSC1 and TSC2
variants found in the normal population with variants
identified in individuals with symptoms of TSC. The effects
of amino-acid changes on TSC1-TSC2 complex formation,
on the activation of rheb GTPase activity by the complex
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Functional analysis of TSC1 variants
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N

and on the phosphorylation status of S6K and S6 can be
determined.?

Comprehensive screens for mutations at both the TSCI
and TSC2 loci have been performed in several large cohorts
of TSC patients, and a wide variety of different pathogenic
mutations have been described.’~** Although ~20% of the
mutations identified in the TSC2 gene are missense
changes, missense mutations in the TSC1 gene appear
much less frequently. One simple explanation for this
observation is that TSCI missense mutations are rare
because the majority of TSC patients have a mutation
in the TSC2 gene. According to the TSCI mutation
database,'® 22 putative missense mutations have been
identified in TSC patients. However, only one of these is
a confirmed de novo mutation. Here, we investigate the
effects of 10 TSC1 missense changes (c.350T>C (p.L117D),
c.539T>C (p.L180P), c.572T>A (p.L191H), c.671T>G
(p-M224R), ¢.737G>A (p.R246K), c.913G>A (p.G305R),
c.913G>T (p.G305W), c.1526G > A (p.R509Q), c.3103G>A
(p.G1035S) and ¢.3290G>A (p.R1097H)) on TSC1-TSC2
function. We compared these TSC1 variants with wild-type
TSC1 and three truncation variants: c¢.379_381delTGT
(p-128delV), ¢.593_595delACT (p.N198F199delinsl) and
¢.2075C>T (p.R692X). Our analysis demonstrates that
TSC1 missense mutations reduce steady-state levels of
TSC1, resulting in increased mTOR activity and leading
to the symptoms of TSC.

Materials and methods
Patient characteristics

Samples from patients with either a putative or definite
diagnosis of TSC were received for mutation analysis.
Details on clinical symptoms were obtained from the
treating physicians who were sent a standardised clinical
evaluation form (see Supplementary Table 1).

Mutation analysis
DNA was extracted from peripheral blood using standard
techniques. Mutation analysis was performed as described
earlier,’®> or by direct sequence analysis of all TSCI
and TSC2 coding exons and exon/intron boundaries.
In addition, both genes were analysed using the multiplex
ligation-dependent probe amplification assay (MRC
Holland, Amsterdam, The Netherlands).

To investigate whether the identified changes had an
effect on splicing, three different splice-site prediction
programs were used,'”~'? as described earlier.'?

Generation of constructs and antisera

Expression constructs encoding C-terminal YFP- and myc-
tagged TSC1 variants were derived using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA). In each case, the complete open reading frame of
the mutated construct was verified by sequence analysis.
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The other constructs used in this study have been described
earlier.*2%2! Polyclonal rabbit antisera specific for human
TSC1 and TSC2 have been described earlier.?!
Other antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA).

Functional analysis of TSC1 variants
Expression of TSC1 variants in transfected cells Human

embryonal kidney (HEK) 293T cells seeded into 6-cm
diameter dishes were transfected with a 1:1 mixture of the
TSC1 and TSC2 expression constructs using Lipofectamine
Plus (Invitrogen, Carlsbad, CA, USA), following the manu-
facturer’s instructions. Two days after transfection, the cells
were lysed in 50 mM Tris-HCI (pH 8.0), 100 mM NaCl, 50 mm
NaF, 0.5mM EDTA and 1% Triton X-100 plus protease
inhibitors (Roche, Basel, Switzerland) and separated into
supernatant and pellet fractions by centrifugation at
10000¢ for 10 min at 4°C as described earlier.?? Wild-type
TSC1 and the TSC1 variants were immunoprecipitated from
the supernatant fractions by incubation with a mono-
clonal antibody against the C-terminal myc epitope tag
for 90 min at 4°C before incubation with Protein G beads
(GE Healthcare, Uppsala, Sweden). After gentle agitation for
90min at 4°C, the beads were washed three times with
a >50-fold excess of lysis buffer. The immunoprecipitated
proteins were detected by immunoblotting. Blots were
developed using enhanced chemiluminescent detection
(GE Healthcare).®

Immunoblot analysis of S6K T389 phosphorylation in
cells overexpressing TSC1 variants HEK 293T cells were

transfected with a 4:2:1 mixture of the TSC1, TSC2 and S6K
expression constructs. A total of 1.75 ug DNA was diluted in
200 pl Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 7 ug polyethyleneimine (Polysciences, Warrington,
PA, USA). Where necessary, an empty expression vector
(pcDNA3; Invitrogen) was added to make up the total
amount of DNA. After 15min at room temperature, the
DNA/polyethyleneimine complexes were added to 80%
confluent cells in 3.5-cm diameter dishes. After 4 h at 37°C,
the transfection mixture was replaced with DMEM contain-
ing 10% foetal calf serum. Twenty-four hours after
transfection, the cells were harvested and analysed by
immunoblotting as before or by near infrared fluorescent
detection on an Odyssey™ Infrared Imager (169 ym resolu-
tion, medium quality with Omm focus offset) (Li-Cor
Biosciences, Lincoln, NE, USA). The integrated intensities
of the protein bands were determined using the Odyssey
software (default settings with background correction;
3-pixel width border average method). The mean ratios of
the T389-phosphorylated S6K signal to the total S6K signal
(T389/S6K) and the total TSCZ2 signal to the total TSC1
signal (TSC2/TSC1) were determined relative to wild-type
TSC1 from at least three independent experiments
(wild-type T389/S6K and TSC2/TSC1 ratios=1).



Immunofluorescent detection of $235/236 phosphory-
lation of ribosomal protein S6 in TSC1-deficient cells

Tsc1—/— mouse embryo fibroblasts (MEFs)” were transfected
with expression constructs encoding wild-type TSC1 or
the TSC1 variants, using Lipofectamine Plus (Invitrogen),
following the manufacturer’s instructions. Twenty-four
hours after transfection, S6 (5235/236) phosphorylation
in the transfected cells was detected by immunofluorescent
microscopy using a rabbit polyclonal antibody specific
for $235/236-phosphorylated $6.2> TSC1 variants were
identified either directly (for C-terminal-tagged TSC1-YFP
variants) or with a mouse monoclonal antibody against
the myc epitope tag (for C-terminal-tagged TSCl-myc
variants). If possible, at least 50 cells expressing each
TSC1 variant were counted per experiment and the
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number of cells showing a clear reduction in S6 (S235/
236) phosphorylation was noted. The mean proportions of
expressing cells with reduced S6 phosphorylation were
calculated from at least three independent experiments.

Results
Patient characteristics and mutation analysis

The TSC1 ¢.350T>C (p.L117P) change was detected in two
generations of a family with TSC (Figure 1la). The index
patient (I:1) had epilepsy since the age of 22 years and
fulfilled the diagnostic criteria for definite TSC, with facial
angiofibroma, ungual fibroma, hypomelanotic macules, a
shagreen patch and cerebral white matter migration lines.
No mental disability was reported. The youngest child

a | b I:1 1:2
’ p.L1M7P + — p.M224R - - p.M224R + -
p.G10358 - - p.G10358 + -
n:1 I:2
I:1 :2 :3
p.L17P + - K
p.M224R + - p.M224R + - p.M224R + -
p.G1035S + - p.G10358 + - p.G10358 + -
c I:1 d
p.L180P - - p.L180P + - p.L191H - - | p.L191H - -
||:1: I:2 :4
p.L180P +‘ p-L180P + - p.L180P - - '

2

p.L180P + -

p.L180P + -

Figure 1

p.L191H + -

p.L191H - -

Pedigrees of the investigated families with TSC. Arrows indicate the index cases. Open symbols indicate no signs or symptoms of TSC;

black symbols indicate individuals with definite TSC; hatched symbols indicate individuals with possible TSC. A question mark indicates individuals
where no clinical data were available. Genotypes are indicated for the individuals where DNA was available for testing. (a) Family with TSC and the
TSC1 ¢.350T>C (p.L117P) variants. (b) Family with TSC and cosegregation of the TSC1 c.671T>G (p.M224R) and c.3103G > A (p.G1035S) variants.
(c) Family with cosegregation of TSC and the TSCT ¢.539T>C (p.L180P) variants. (d) Family with a de novo TSCT ¢.572T> A (p.L191H) mutation.
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(II:2) had the ¢.350T > C change. Despite being somewhat
hyperactive, this child developed normally until 4 years of
age when epileptic seizures occurred and development
stagnated. The child is now severely mentally retarded. No
information was available about other signs of TSC. The
eldest child (II:1), who could not yet be tested for the
¢.350T > C change, suffered severe anoxia at birth and has
severe infantile encephalopathy with spastic tetraplegia
and epilepsy.

The TSCI c.671T>G (p.M224R) and TSC1 c.3103G>A
(p-G1035S) changes were identified in two generations of a
family with TSC?* (Figure 1b). The index case (II:3) had
definite TSC with multiple shagreen patches, hypomela-
notic macules, ungual fibromas, dental pits, epilepsy and
severe mental disability. One parent (I:2) and both siblings
(II:1 and 1I:2) of the index case also fulfilled the diagnostic
criteria for definite TSC. Individual 1:2, who was seizure-
free and of below-average intelligence (IQ 73), had skin
lesions pathognomonic for TSC. Individual II:1, who was
of normal intelligence (IQ 94), had seizures, cortical tubers
and multiple TSC skin lesions. Individual II:2 had epilepsy,
below-average intelligence (IQ 67) and multiple TSC skin
lesions. All the affected individuals in this family were
heterozygous for the c.671T>G and ¢.3103G > A changes.
Three affected individuals (I:2, 1I:1 and II:2) were hetero-
zygous for a polymorphism in the TSC2 gene (TSC2 c.1276-
32C>G@). The index case was homozygous for the wild-type
TSC2 1276-32C allele, consistent with TSC segregating
with a mutation at the TSC1 locus in this family.

The TSC1 ¢.539T>C (p.L180P) change was detected in
three generations of a family with TSC (Figure 1c).
Individual I:2 had an ungual fibroma as the only reported
sign of TSC. Individual II:2 had epilepsy, no mental
disability, skin signs typical for TSC and a subependymal
giant cell astrocytoma as well as other brain lesions
consistent with a definite diagnosis of TSC. Individual
11:3, the half-sibling of II:2, had typical TSC-associated skin
lesions and possible mild mental retardation. Individual
11:4, the other half-sibling of I1:2, had a history of seizures
during puberty and some skin tags, not typical of TSC.
Individual III:1, the child of II:2, had epilepsy, and typical
TSC-associated skin and brain lesions. Individual III:2, the
sibling of III:1, had multiple cardiac rhabdomyoma and
Wolff-Parkinson-White syndrome. No mental disability
was reported for either individual III:1 or III:2. TSC did not
cosegregate with markers mapping close to the TSC2 locus
on chromosome 16p13.3, and no candidate TSC2 mutation
was identified in the index case.

The TSC1 ¢.572T>A (p.L191H) change was identified in
an individual who met the clinical criteria for definite TSC,
including typical skin, heart and brain lesions. The
individual had a history of seizures but no mental disability
was reported. The ¢.572T>A change was absent in the
individual’s parents and child (Figure 1d). None of these
individuals showed any signs of TSC.
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Two TSC patients, one Finnish and one Dutch, were
identified with the TSCI c.737G>A (p.R246K) change.
No information was available on the parents of either of
these two individuals. The Finnish individual had typical
TSC-associated skin, brain and kidney lesions. No mental
disability or history of seizures was reported. The Dutch
individual was also reported to have definite TSC. The
sibling of this individual did not have any signs of TSC and
did not carry the c.737G> A change.

The TSCI c.1526G>A (p.R509Q) change was identified
in a child of African origin, suspected of having TSC due to
an echodensity that was detected prenatally in the septum
of the heart. After birth, physical examination of the child
did not reveal any signs of TSC but multiple congenital
malformations that fitted with VACTERL (vertebral anoma-
lies, atresia, cardiac malformations, tracheoesophageal
fistula, renal anomalies and limb anomalies) association
were identified. The same c.1526G > A change was identi-
fied in one of the parents. Neither parent reported any
signs of TSC.

The TSC1I c.3290G > A (p.R1097H) change was identified
in a child with cardiac rhabdomyoma who subsequently
developed epilepsy at the age of 3 months. An MRI scan of
the brain showed multiple subependymal nodules, cortical
tubers and white matter abnormalities. This individual
fulfilled the diagnostic criteria for definite TSC,
with angiomyolipoma and multiple skin lesions. The
c.3290G>A change was also identified in one of the
parents; neither parent showed any signs of TSC.

The TSCI ¢.379_381delTGT (p.128delV) change was
detected in a child with epilepsy and a definite diagnosis
of TSC (multiple skin signs, subependymal nodules and
angiomyolipoma). No mental disability was reported and
no information was available on the phenotypic or genetic
status of the parents. The same change has been reported
in another unrelated TSC patient.”® The TSCI c¢.593_
595delACT (p.N198F199delinsl), ¢.913G>A (p.G305R)
and c913G>T (p.G305W) missense changes have
been reported earlier to cosegregate with TSC in three
independent families.'2°

In all the above cases, no other putative pathogenic
mutations were identified and comparison of the allele
ratios of the index cases and parents (where possible) did
not reveal any evidence for somatic mosaicism in the
leukocyte DNA.

Comparative analysis of TSC1 amino-acid
substitutions

During our initial mutation screening, the L117P change
was the only putative pathogenic TSC1 amino-acid
substitution identified. We compared the L117P variant
with wild-type TSC1, an earlier characterised TSC1 in-
frame deletion (N198F199delins)>’ and to a common
TSC1 truncation mutation, R692X>1° (Figure 2). Wild-type
TSC1 was detected predominantly in the post 10000g
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Figure 2 Analysis of the TSC1 L117P variant. Wild-type TSC1 (wt) or the L117P, N198F199delinsl (del) or R692X variants (all containing a
C-terminal myc epitope tag) were overexpressed in HEK 293T cells alone (a) or in the presence of coexpressed TSC2 (b). Cell lysates were separated
into post 10000 g centrifugation pellet and supernatant fractions. The TSC1 variants were detected with a monoclonal mouse antibody against the
myc epitope tag (9B11; Cell Signaling Technology). TSC1-TSC2 complexes were immunoprecipitated from the supernatant fractions using the same
antibody. TSC2 was detected with a polyclonal rabbit antiserum.® (a) Expression of the TSCT variants in the absence of TSC2. Wild-type TSC1 (wt) was
detected predominantly in the pellet fraction. In contrast, the variants were detected predominantly in the supernatant fraction. The signals for
the L117P and N198F199delinsl (del) variants are clearly less than wild-type TSC1 and the R692X variants (as detected with the 9B11 antibody). (b)
Coexpression of TSC2 and the TSC1 variants. In the presence of TSC2, wild-type TSC1 and the variants were detected in both subcellular fractions.
Coexpression of TSC2 resulted in a shift of wild-type TSC1 to the supernatant fraction and a shift of the variants to the pellet fraction. TSC1 and the
TSC1 variants were immunoprecipitated with an antibody against the myc epitope tag. TSC2 was coimmunoprecipitated with all three variants.
However, in each case, the TSC2 signal in the immunoprecipitate was clearly less than with the wild-type TSC1.

pellet fraction, whereas the three variants were detected in
the supernatant fraction (Figure 2a). Upon coexpression of
TSC2, the variants as well as wild-type TSC1 were detected
in both subcellular fractions (Figure 2b). TSC2 was
coimmunoprecipitated from the supernatant fraction with
all three variants, although clearly less effectively than
with wild-type TSC1.

Next, we investigated whether the variants could inhibit
mTOR signalling. Expression of wild-type TSC1 alone is
insufficient to inhibit mTOR activity.”® Therefore, the
variants were coexpressed with TSC2 and S6K in HEK

293T cells, and S6K T389 phosphorylation was analysed
by immunoblotting (Figure 3a). To try and achieve
comparable expression levels of the different variants,
we used different quantities of the corresponding
expression constructs. Coexpression of wild-type TSC1
and TSC2 resulted in a reduction in S6K T389 phosphory-
lation, even with low levels of the TSC1 expression
construct. In contrast, coexpression of TSC2 with the
variants did not reduce S6K T389 phosphorylation,
indicating that they were unable to inhibit mTOR
effectively. Compared with wild-type TSC1, the L117P

o
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Figure 3 TSC1-TSC2-dependent inhibition of mTOR signalling by the TSC1 L117P variant. (a) T389 phosphorylation of S6K in HEK 293T cells
coexpressing TSC2, myc-tagged S6K and myc-tagged wild-type TSC1 (wt) or the TSC1 L117P, N198F199delinsl (del) or R692X variants was
determined by immunoblotting. Cells transfected with differing amounts of wild-type or variant expression constructs, as indicated, were analysed.
The first lane on the left (control) corresponds to cells transfected with S6K and wild-type TSC1 expression constructs only (no TSC2 expression
construct). The coexpression of only TSC2 and wild-type TSC1 inhibited S6K phosphorylation. (b) TSC1-dependent inhibition of S6 phosphorylation.
YFP-tagged wild-type TSC1 (YFPTSC1) and the YFP-tagged N198F199delinsl (YFPdel) and L117P (YFPL117P) variants were expressed in Tscl1—/—
MEFs. S6 $235/236 phosphorylation in the YFP-positive cells was detected by immunofluorescent microscopy using an antibody specific for $235/236-
phosphorylated S6 (Cell Signaling Technology). As a control, S6 phosphorylation in cells expressing YFP only was also determined. At least 50 cells
were counted per variant per experiment. Mean percentage scores of three separate experiments are shown. Values significantly different from the
wild type are indicated.

and N198F199delinsl variants were detected at low levels, To confirm that the L117P and N198F199delinsl variants
even when the quantity of transfected expression construct were unable to inhibit mTOR, they were expressed in
DNA was increased. Tsc1—/— MEFs. These cells exhibit constitutive S6 (S235/
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236) phosphorylation.” As shown in Figure 3b, wild-type
YFP-tagged TSC1 reduced S6 phosphorylation in >60% of
the YFP-positive Tsc1—/— MEFs, consistent with earlier
results.® In contrast, S6 phosphorylation was reduced in
<30% of cells expressing the L117P or N198F199delinsl
variants (paired f-test P<0.001). Nevertheless, a reduction
in S6 phosphorylation was observed in a higher proportion
of variant-expressing cells than in cells expressing YFP only
(paired t-test P<0.02). Therefore, although both variants
were clearly less effective than wild-type TSC, we could not
exclude the possibility that the variants can antagonise
mTOR activity.

As a result of on-going TSC1 and TSC2 mutation
screening, we identified eight additional TSC1 single
amino-acid changes: p.128delV, p.L180P, p.L191H,
p-M224R, p.R246K, p.R509Q, p.G1035S and p.R1097H.
The p.M224R and p.G1035S changes cosegregated with

Functional analysis of TSC1 variants
M Nellist et al

TSC in a single family (Figure 1b). To investigate the effects
of these two amino-acid substitutions on TSC1 function,
the corresponding single and double variants were com-
pared with wild-type TSC1 and the R692X truncation. As
shown in Figure 4a, the M224R variant and the M224R/
G1035S double variant were detected at lower levels than
wild-type TSC1 and the G1035S variant. Furthermore, the
expression of wild-type TSC1 or the G1035S variant
reduced S6 phosphorylation in >50% of transfected
Tscl1—/— MEFs whereas <20% of the MEFs expressing the
M224R, M224R/G1035S or R692X variants showed a
reduction in S6 phosphorylation (Figure 4b), indicating
that the M224R substitution is the pathogenic mutation in
this family and that the G1035S substitution is a cose-
gregating neutral variant.’* We did not observe any
differences between the M224R single mutant and the
M224R/G1035S double mutant.

~

Figure 4 Results of the functional assays on the M224R, G1035S and M224R/G1035S variants. (a) TSC1-TSC2-dependent inhibition of S6K-T389
phosphorylation. TSC2, S6K and wild-type TSC1 (wt TSC1), or the TSC1 variants, were expressed in HEK 293T cells. T389 phosphorylation of S6K was
determined by immunoblotting and was reduced in the presence of wild-type TSC1 and the G1035S variants only. S6K, wild-type TSC1 and the TSC1
variants were detected with an antibody against the myc epitope tag. The signal for the M224R and M224R/G1035S variants is reduced compared
with wild-type TSC1 and the G1035S and R692X variants. A representative example of at least three separate experiments is shown. (b) Inhibition of
S6 phosphorylation in Tsc1—/— MEFs. Wild-type myc-tagged TSC1 (TSC1) and the myc-tagged variants were expressed in Tsc1—/— MEFs. S6 S235/
236 phosphorylation in the myc-positive cells was determined by double-label immunofluorescent microscopy using a rabbit polyclonal antibody
specific for $235/236-phosphorylated S6 and a mouse monoclonal antibody specific for the myc tag. The percentage of Tsc1—/— MEFs expressing the
TSC1 variants and showing a clear reduction in S6 phosphorylation is indicated. Because the signals for the M224R and M224R/G1035S variants were
very low, it was difficult to unequivocally differentiate >50 expressing cells. Therefore, the total number of counted cells after two experiments is
indicated above each bar.
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Figure 5 Analysis of the 128delV, L180P, L19TH, R246K, G305R, G305W, R509Q and R1097H variants. (a) TSC1-dependent inhibition of S6K
T389 phosphorylation. S6K T389 phosphorylation was determined by immunoblotting as before except that the blots were developed using Odyssey
near infrared detection (Li-Cor Biosciences). Cells expressing S6K, TSC2 and wild-type TSC1 (wt) or the TSC1 variants were analysed. As controls, cells
transfected with expression constructs for wild-type TSC1 and S6K only (TSC1/S6K), TSC2 and S6K only (TSC2/S6K), S6K only (S6K) or empty vector
only (pcDNA3) were also analysed. S6K and the TSC1 variants were detected with an antibody specific for the myc epitope tag. The R692X truncation
variant is indicated with a large arrowhead; molecular weight markers are indicated with small arrows. Expression of wild-type TSC1 or the R246K,
G305R, G305W, R509Q, G1035S and R1097H variants clearly inhibited S6K phosphorylation. The signals for the L117P, 128delV, L180P, L191H and
M224R variants were clearly reduced compared with wild-type TSC1 (see also panel b), and S6K T389 phosphorylation was increased (see also
panel c). A representative example of three separate experiments is shown. (b) Relative expression of the TSC1 variants. The integrated intensities
of the TSC1 and TSC2 signals for each variant were determined in three independent experiments using the Odyssey scanning software. The mean
TSC2/TSC1 ratios, relative to the wild-type TSC1 (wt) (wild-type TSC1 TSC2/TSC1 ratio=1), were determined. Standard deviations are indicated.
(c) TSC1-dependent inhibition of S6K T389 phosphorylation. The ratio of the T389 S6K phosphorylation signal intensity to the total S6K signal
intensity (T389/S6K) was measured in three independent experiments. The integrated intensity of each band was determined using the Odyssey
scanning software and the mean T389/S6K ratios, relative to the wild-type TSC1 (wt) (wild-type TSC1 T389/S6K ratio = 1), were determined. Standard
deviations are indicated. (d) Inhibition of S6 phosphorylation in Tsc1—/— MEFs. Wild-type myc-tagged TSC1 (wt) or the myc-tagged variants were
expressed in Tsc1—/— MEFs. S6 S235/236 phosphorylation in the myc-positive cells was determined by immunofluorescent microscopy as before.
At least 50 cells were counted per variant per experiment. Each variant was tested in at least two separate experiments. Mean percentages of Tsc1—/—
MEFs expressing the TSC1 variants and showing reduced phosphorylation of S6 are shown. Standard deviations are indicated.
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To determine whether the 128delV, L180P, L191H, R246K,
R509Q and R1097H amino-acid changes were pathogenic,
we compared these variants with the previously charac-
terised L117P and R692X variants, and with two additional
putative missense variants, G305R and G305W'® (Figure 5).
The R246K, G305R, G305W, R509Q and R1097H variants
were detected at comparable levels with wild-type TSC1
(Figure Sa and b) and were just as effective at inhibiting S6K
T389 phosphorylation (Figure Sa and c). In contrast, the
128delV, L180P and L191H variants were detected at low
levels, similar to the L117P and M224R variants (Figure 5a
and b). Furthermore, S6K T389 phosphorylation was not
inhibited by the expression of these variants (Figure Sa and
¢). Consistent with the immunoblot data, the expression of
the L117P, 128delV, L180P, L191H, M224R, M224R/G1035S
and R692X variants in TscI—/— MEFs reduced S6 phosphor-
ylation in <40% of cells, whereas wild-type TSC1 and the
R246K, G305R, G305W, R509Q, G1035S and R1097H
variants reduced S6 phosphorylation in >50% of the
expressing cells (Figure 5d).

We concluded that the 128delV, L180P and L191H
changes destabilise TSC1, resulting in increased mTOR
activity. The R246K, G305R, G305W, R509Q, G1035S and
R1097H amino-acid substitutions did not affect TSC1
function in our assays.

Splice-site prediction analysis

Splice-site prediction analysis of the identified variants
was performed according to a standard protocol'® using
three independent splice-site prediction programs.'”~'?
Effects were predicted for four of the variants: TSCI
€.379_381delTGT (p.128delV), c.737G>A (p.R246K)
c.913G>A (p.G305R) and c.913G>T (p.G305W).

According to two of the prediction programs, the
€.379_381delTGT mutation created a potential new accep-
tor site within exon 6. However, the values of the new site
(0.48 and 0.33 in Fruitfly and NetGene2, respectively) were
lower than the values of the wild-type acceptor site (0.98
and 0.97, respectively). It is therefore unlikely that this
sequence change affects splicing.

The R246K, G305R and G305W amino-acid substitutions
did not affect TSC1 function. However, the c.737G>A
(p-R246K) nucleotide substitution altered the last
nucleotide of exon 8 and all three programs indicated that
this change disrupted the intron 8 splice donor site, leaving
a new potential donor site 90 nucleotides downstream.
Similarly, the ¢.913G>A (p.G305R) and c913G>T
(p-G305W) substitutions affect the last nucleotide of exon
9 and were predicted by all three programs to disrupt
splicing to the intron 9 donor site. We concluded that
these three variants are most likely pathogenic splice-site
mutations, not missense mutations. Unfortunately, the
effect of these sequence changes on TSC1 RNA splicing
could not be confirmed experimentally because no new
samples could be obtained.
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An overview of the functional assays and splice-site
analysis is presented in Supplementary Table 2.

Discussion

Mutation analysis of the TSC1 and TSC2 genes in
individuals with TSC, and in those suspected of having
the disease is important for diagnosis and genetic counsel-
ling. During our screening of a cohort of approximately
900 index cases with TSC, or possible TSC, we identified
eight putative pathogenic TSC1 missense changes,
c.350T>C (p.L117P), c.539T>C (p.L180P), c.572T>A
(p.L191H), c.671T>G (p.M224R), ¢.737G>A (p.R246K),
c.1526G>A (p.R509Q), ¢.3103G>A (p.G1035S) and
¢.3290G>A (p.R1097H), as well as a putative pathogenic
in-frame deletion mutant, TSCI ¢.379_381delTGT
(p-128delV). We compared these variants with the earlier
reported ¢.913G>A (p.G305R), c.913G>T (p.G305W),
€.593_595delACT (p.N198F199delinsl) and ¢.2074C>T
(p.R692X) mutants.>!%2%

The TSC1 L117P, 128delV, L180P, L191H, N198F199-
delinsl and M224R changes resulted in reduced levels of
TSC1 and a reduction in TSCl-dependent inhibition of
mTOR activity, as detected by immunoblotting. In each
case, the functional characterisation was consistent with
the genetic and phenotypic findings and we concluded
that the changes were pathogenic.

The R246K, G305R, G305W, R509Q, G1035S and
R1097H amino-acid substitutions did not affect TSC1
function in our assays. However, we concluded that the
TSC1 c.737G>A (p.R246K), c.913G>A (p.G305R) and
c.913G>T (p.G305W) changes were most likely patho-
genic splice-site mutations. The ¢.737G> A transition was
predicted to destroy the splice donor site at the 3’ end of
exon 8 and the ¢.913G>A and c.913G>T substitutions
affect the last nucleotide of exon 9, also disrupting the
normal splice donor site. The c.1526G>A (p.R509Q),
€.3103G>A (p.G1035S) and ¢.3290G>A (p.R1097H) var-
iants did not appear to affect either TSC1 RNA splicing or
TSC1 function. The ¢.1526G > A change was identified in a
foetus suspected of having TSC. However, after birth, the
child showed multiple congenital malformations that
fitted with VACTERL association, and a normal physical
examination of the child did not reveal any signs of TSC.
We concluded that this variant is unlikely to cause TSC.
The ¢.3103G > A variant cosegregated with the pathogenic
€.671T>G (p.M224R) variant and TSC in a single family.?*
We concluded that the p.G1035S substitution was a
neutral variant, consistent with previous reports.>*° The
¢.3290G > A change was identified in a child with definite
TSC and in one unaffected parent, and we concluded that
it was also most likely a rare neutral variant.

Here we demonstrate that specific amino-acid substitu-
tions close to the N-terminal of TSC1 (amino acids 117-

O
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224) reduce the steady-state levels of TSC1. The location
and the effects of these changes on TSC1 function are very
similar to a small number of missense mutations described
recently in some cases of bladder cancer,®! suggesting that
the pathogenetic mechanisms underlying TSC-associated
lesions and tumours of the bladder may be related.

Several studies indicate that TSCI mutations are asso-
ciated with a less severe clinical presentation in TSC
patients.”'#!3!5 The small number of patients that we
identified with a TSC1 missense mutation made it difficult
to identify a specific phenotypic spectrum in this group.
Nevertheless, the use of functional assays to differentiate
between polymorphisms and pathogenic mutations, in
TSC and other diseases, will not only facilitate the
identification of pathogenic mutations but also help
investigate possible genotype—phenotype correlations
and provide insight into how specific amino-acid residues
contribute to protein function.
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A reliable cell-based assay for testing unclassified
TSC2 gene variants

Ricardo Coevoets', Sermin Arican', Marianne Hoogeveen-Westerveld®, Erik Simons’,
Ans van den Ouweland’, Dicky Halley' and Mark Nellist**
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Tuberous sclerosis complex (TSC) is characterised by seizures, mental retardation and the development of
hamartomas in a variety of organs and tissues. The disease is caused by mutations in either the TSC7 gene
or the TSC2 gene. The TSCT and TSC2 gene products, TSC1 and TSC2, form a protein complex that inhibits
signal transduction to the downstream effectors of the mammalian target of rapamycin (mTOR). We have
developed a straightforward, semiautomated in-cell western (ICW) assay to investigate the effects of
amino acid changes on the TSC1-TSC2-dependent inhibition of mTOR activity. Using this assay, we have
characterised 20 TSC2 variants identified in individuals with TSC or suspected of having the disease. In 12
cases, we concluded that the identified variant was pathogenic. The ICW is a rapid, reproducible assay,
which can be applied to the characterisation of the effects of novel TSC2 variants on the activity of the
TSC1-TSC2 complex.
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Introduction

Tuberous sclerosis complex (TSC) is an autosomal domi-
nant disorder characterised by seizures, mental retardation
and the development of hamartomas in a variety of organs
and tissues.! The disease is caused by mutations in either
the TSC1 gene on chromosome 9q342 or the TSC2 gene on
chromosome 16p13.3.% The TSC1 and TSC2 gene products,
TSC1 and TSC2, form a protein complex that acts as a
GTPase-activating protein (GAP) for the rheb GTPase,
preventing the rheb-GTP-dependent stimulation of the
mammalian target of rapamycin (mTOR).* In cells lacking
either TSCI or TSC2, the downstream targets of mTOR,
including p70 S6 kinase (S6K) and ribosomal protein S6,
are constitutively phosphorylated.>® The identification of
the role of the TSC1-TSC2 complex in regulating mTOR
has made it possible to compare the activity of different
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TSC1 and TSC2 variants. The effects of amino acid changes
on TSC1-TSC2 complex formation, on the activation of
rheb GTPase activity, and on the phosphorylation status of
the downstream effectors of mTOR, can be determined.’

Comprehensive screens for mutations at the TSC1 and
TSC2 loci have been performed in large cohorts of TSC
patients.>~'' In most studies ~20% of the identified
mutations are either missense changes or small, in-frame
insertions/deletions, predominantly in the TSC2 gene. In
some cases, when a missense change cosegregates with
TSC, or when key relatives are not available for testing, it is
difficult to establish whether the identified nucleotide
change is a pathogenic mutation or a neutral variant. We
identified a number of variants where it was not clear from
the genetic data whether the identified variant was
pathogenic or not.'® To resolve some of these cases we
tested the activity of the variant TSC1-TSC2 complexes
using a variety of biochemical assays.'?

To simplify and standardise the testing of TSC2 variants we
have developed and tested an in-cell western (ICW) assay to
determine whether specific TSC2 sequence variants identified
in individuals with, or suspected of having, TSC are disease
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causing. The ICW assay utilises secondary antibodies conju-
gated with near infrared fluorophores in combination with an
infrared scanner enabling two distinct antibody signals to be
detected simultaneously and quantified in fixed cells. The
advantage of the ICW assay over immunoblot-based techni-
ques is that no blotting step is required and the analysis and
quantification can be performed directly in high-throughput
multiwell plate formats. Therefore, the ICW assay streamlines
both the experimental procedure and data analysis.

In-cell western assays to assess protein phosphorylation
have been described previously.!®> However, in most reports,
the effects of different pharmacological reagents have been
monitored.'* Here, we describe a transfection-based ICW assay
to facilitate the characterisation of the effects of genetic
changes in the TSC2 gene on the activity of the TSC1-TSC2
complex and the mTOR signalling pathway. We have used this
assay to characterise 20 TSC2 variants. Twelve variants (60%)
did not inhibit mTOR activity in either the ICW assay or in a
conventional immunoblot assay, and could therefore be
classified as pathogenic mutations. Furthermore, we show
that the ICW assay of TSC1-TSC2 function is amenable to the
development of high-throughput, semiautomated protocols.

Materials and methods
Detection of TSC2 variants in TSC patients

Mutation analysis was performed as described previously'°
or by direct sequence analysis of all TSC1 and TSC2 coding
exons and exon/intron boundaries. In addition, both genes
were analysed using the multiplex ligation-dependent

probe amplification assay (MRC Holland, Amsterdam,
The Netherlands). Where possible, parental DNA was
collected and tested for the presence of the identified
variants and, in cases of de novo changes, paternity testing
was performed. To investigate whether the identified
sequence changes had an effect on splicing, three splice
site prediction programs were used.'>~!7

Materials

Expression constructs encoding the 20 TSC2 variants
(G62E, R98W, 275delN, Q373P, 580delASHATRVYEMLV-
SHIQLHYKHSYTLP (hereafter referred to as 580del26),
A607E, T1068I, T10751, T1075T, V1199G, P1292A,
S1410L, G1416D, D1512A, G1544V, 1553delTGLGR-
LIELKDCQPDKVYL (hereafter referred to as 1553dell9),
H1617Y, V1623G, R1720Q and R1720W) were derived
using the Stratagene QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA, USA). Sequence changes
were numbered according to the TSC2 cDNA as originally
published, as these corresponded to the cDNA used for the
expression studies.® Nomenclature according to the TSC2
mutation database'® is given in Table 1.

All variants were verified by sequencing the complete
TSC2 cDNA open reading frame. All the other constructs
used in this study have been described previously.”'%2°
Polyclonal rabbit antisera specific for human TSC1 and
TSC2 have been described previously.'® Other antibodies
were purchased from Cell Signaling Technology (Danvers,
MA, USA) (1AS5, anti-T389 phospho-S6K mouse monoclo-
nal; 9B11, anti-myc tag mouse monoclonal; anti-myc tag

Table 1T Summary of the ICW-based functional characterisation of 20 TSC2 variants

Nucleotide change® Amino acid change® t-test vs wild-type© t-test vs control® Pathogenicity
203G>A (185G>A) G62E 0.555398 0.000106 Unclassified
310C>T (292C>T) RI8W 0.021536 0.013338 Unclassified
842delACA (824delACA) 275delN 0.001127 0.475101 Pathogenic
1136A>C (1118A>C) Q373P 0.278444 0.000072 Pathogenicb
1754del78 (1736del78) 580del26 0.002041 0.298704 Pathogenic
1838C>A (1820C>A) A607E 0.003675 0.146591 Pathogenic
3221C>T (3203C>A) T1068lI 0.000743 0.622030 Pathogenic
3242C>T (3224C>T) T1075I 0.658401 0.000909 Unclassified
3243C>T (3225C>T) T1075T 0.184777 0.000057 Unclassified
3614T>G (3596T>Q) V1199G 0.023734 0.175070 Pathogenic
3892C>G (3943C>Q) P1292A (P1315A) 0.290908 0.000063 Unclassified
4247C>T (4298C>T) S1410L (S1433L) 0.321151 0.000192 Unclassified
4265G>A (4316G>A) G1416D (G1439D) 0.332362 0.000246 Unclassified
4553A>C (4604A>C) D1512A (D1535A) 0.000139 0.811770 Pathogenic
4649G>T (4700G>T) G1544V (G1567V) 0.000316 0.424123 Pathogenic
4675del57 (4726del57) 1553del19 (1576del19) 0.032488 0.641493 Pathogenic
4867C>T (4918C>T) H1617Y (H1640Y) 0.020428 0.148090 Pathogenic
4886T>G (4937T>Q) V1623G (V1646G) 0.039219 0.347325 Pathogenic
5177G>A (5228G>A) R1720Q (R1743Q) 0.003169 0.960154 Pathogenic
5176C>T (5227C>T) R1720W (R1743W) 0.017443 0.521431 Pathogenic

®Nucleotide and amino acid numbering corresponding to reference.® Nucleotide and amino acid numbering corresponding to reference

Earentheses.

'8 are given in

Pathogenic de novo mutation, most likely causing aberrant splicing of the TSC2 mRNA; the Q373P amino acid substitution did not affect TSC1-TSC2

complex function.
“P-values <0.05 are indicated in bold.
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rabbit polyclonal), Zymed laboratories (San Francisco, CA,
USA) (anti-TSC1 and anti-TSC2 mouse monoclonals) and
Li-Cor Biosciences (Lincoln, NE, USA) (goat anti-rabbit
680nm and goat anti-mouse 800 nm conjugates). Chemi-
cals were from Merck (Darmstadt, Germany), unless
specified otherwise.

Cell culture

Human embryonal kidney (HEK) 293T cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza,
Verviers, Belgium) supplemented with 10% fetal bovine
serum, S50U/ml penicillin and 50ug/ml streptomycin
(DMEM +), in a 10% CO, humidified incubator.

Western blotting

Cells were seeded onto 24-well plates and transfected with
0.2 ug TSC2, 0.4 ug TSC1 and 0.1 ug S6Kmyc expression
constructs using polyethyleneimine (PEI) (Polysciences
Inc., Warrington, PA, USA). A 1:4 w/w mixture of plasmid
DNA and PEI was incubated in 0.2 ml DMEM for 15 min at
20°C before adding to the cells. After 4 h, the DMEM/DNA/
PEI was replaced with DMEM +. Twenty-four hours after
transfection, the cells were transferred to ice, washed with
phosphate-buffered saline (PBS) (4°C) and harvested in
50wl lysis buffer (50mMm Tris-HCl pH 8.0, 150mM NacCl,
50mMm NaF, 1% Triton X-100, protease inhibitor cocktail
(Complete, Roche Molecular Biochemicals, Woerden, The
Netherlands)). Cells were lysed for 10min on ice before
centrifugation (10000g for 10min at 4°C). The super-
natants were diluted in loading buffer, separated on 6%
SDS-PAGE gels and transfered to nitrocellulose membranes,
as described previously.'® Membranes were blocked for 1h
at 20°C with 5% low-fat milk powder (Campina Melkunie,
Eindhoven, The Netherlands) in PBS and incubated over-
night at 4°C with the primary antibodies: 1/16 000 dilution
of 1895 (rabbit polyclonal against TSC2'?), 1/5000 dilution
of 2197 (rabbit polyclonal against TSC1'?), 1/5000 dilution
of a rabbit polyclonal against the myc epitope tag and 1/
2000 dilution of 1AS (mouse monoclonal against p70 S6
kinase (S6K) phosphorylated at amino acid T389). Anti-
bodies were diluted in blocking solution containing 0.1%
Tween 20 (Sigma-Aldrich Fine Chemicals, Poole, UK). After
washing 3 x for Smin in PBS containing 0.1% Tween 20
(PBST), the membranes were incubated for 1h at 20°C in
the dark in PBST containing 1/5000 dilutions of goat anti-
rabbit 680nm and goat anti-mouse 800nm secondary
antibodies. After washing (3 x for Smin in PBST, 1 x in
PBS) the membranes were scanned using the Odyssey™
Infrared Imager (169 um resolution, medium quality with
O0mm focus offset) (Li-Cor Biosciences, Lincoln, NE, USA).
The integrated intensities of the protein bands were
determined using the Odyssey™ software (default settings
with background correction; 3 pixel width border average
method).

In-cell western analysis of TSC2 variants
R Coevoets et al

ICW assays
Cells were seeded onto 96-well plates coated with 0.1 mg/ml
poly-L-lysine (Sigma-Aldrich Fine Chemicals). Cells at 85-95%
confluency were transfected with 0.1 ug TSC2, 0.2 ug TSC1 and
0.05 ug S6Kmyc expression constructs using PEI, as before.
Each transfection mix was divided equally between three
wells. After 4h, the DMEM/DNA/PEI mixtures were replaced
with DMEM+. ICW assays were performed 24h after
transfection. Cells were rinsed with PBS, fixed with freshly
prepared 4% paraformaldehyde for 20 min at 20°C, washed
3 x for Smin with PBS containing 0.1% Triton X-100 and
incubated for 90 min in blocking solution before incubation
overnight at 4°C with the primary antibodies. Three different
primary antibody mixes were prepared: 1/200 dilution of
mouse monoclonal anti-TSC2 antibody, 1/200 dilution
of mouse monoclonal anti-TSC1 antibody and 1/200 dilution
of 1AS (S6K T389 phosphorylation-specific mouse monoclo-
nal). The antibodies were diluted in blocking solution
containing 0.1% Tween 20 and a 1/500 dilution of the rabbit
polyclonal anti-myc antibody. Antibodies were diluted accord-
ing to the manufacturer’s recommendations and based on the
results of calibration experiments (see Supplementary Figure 1).
After washing for 3 x for Smin in PBST, the cells were
incubated for 1h at 20°C in the dark with a 1/500 dilution
of goat anti-rabbit 680nm and 1/500 dilution of goat
anti-mouse 800 nm in PBST. After washing (4 x for Smin
in PBST) the plates were scanned using the Odyssey
Infrared Imager (169 ym resolution, medium quality with
3 mm focus offset). The integrated intensities of the protein
signals were determined using the Odyssey software
(8.5mm quantification grid with background correction;
3 pixel width border average method).

ICW assay automation

In-cell western assays were performed using a Tecan
EVO200 liquid handling station (Tecan Benelux, Giessen,
The Netherlands). Transfected cells were fixed as before,
washed 3 x for Smin with PBS containing 0.1% Triton
X-100 and placed in the station for the subsequent
incubation and wash steps. After aspiration of the wash
buffer, the cells were incubated with blocking solution for
90min followed by the primary antibody mixes for 8.5h.
After washing (3 x for 5min with PBST), the cells were
incubated for Sh with the secondary antibodies and
washed (3 x for 5min with PBST; 1x for 5min with
PBS). Finally the PBS was aspirated, and the plate removed
for scanning on the Odyssey Infrared Imager, as before. All
incubation steps were performed at 4°C in the dark.

Results

ICW assay for the analysis of TSC1-TSC2-mTOR
signalling

To determine whether the ICW assay was suitable for the
analysis of transfected HEK 293T cells, we compared S6K

w
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T389 phosphorylation in cells expressing TSC1, S6K and
either wild-type TSC2 or the TSC2 R611Q mutant. Control
cells were transfected with the pcDNA3 expression vector
alone (no TSC2, TSC1 or S6K cDNA inserts) or were co-
transfected with the TSC1 and S6K expression constructs
only. A schematic of the 96-well plate is shown in
Figure 1la, and the resulting scans are shown in Figure 1b.
After subtraction of the background signals, the ratio of the
TSC2, TSC1 or T389-phosphorylated S6K (T389) signal
(green) to the total S6K signal (red) was determined
(Figure 1c). S6K-T389 phosphorylation was reduced ~ 2-
fold in cells expressing wild-type TSC2, compared to either
cells expressing the R611Q mutant or to cells without TSC2
expression. A similar reduction in S6K-T389 phosphoryla-
tion was observed when the protocol was modified for the
Tecan EVO200 liquid handling station (Figure 1d).

ICW analysis of TSC2 variants

Next, we tested 20 TSC2 variants identified in our patient
cohort, including three in-frame deletions (275delN,
580del26 and 1553dell9), 17 missense changes (G62E,
RIO8W, Q373P, A607E, T1068I, T1075I, V1199G, P1292A,
S1410L, G1416D, D1512A, G1544V, H1617Y, V1623G,
R1720Q and R1720W) and one silent change (T1075T).
Two of the variants, R1720Q and R1720W, had previously
been shown to be de novo changes occurring in sporadic
TSC patients and, on this basis, were assumed to be
pathogenic mutations.'®'® In the other 18 cases, essential
genetic and/or clinical data were unavailable and the
identified variants could not be classified as either
pathogenic or non-pathogenic. The positions of the variant
amino acids are indicated in Figure 2.

All variants were analysed using the ICW assay in three
independent experiments. The integrated intensities of the
fluorescent signals were quantified using the Odyssey
software and the signals for each TSC2 variant, and for
TSC1 and T389-phosphorylated S6K in the presence of the
different variants were determined relative to the total S6K
signal in the same well. Subsequently, the degree of S6K-
T389 phosphorylation in the presence of the different
TSC2 variants, relative to wild-type TSC2, was determined.

A representative scan is shown in Figure 3b. The total
S6K signal was relatively constant across the different wells,
indicating that inter-well differences in transfection effi-
ciency and cell number were small. The signals for the
different TSC2 variants were also relatively constant. None
of the amino acid changes had a dramatic effect on the
TSC2 signal, although a slight decrease was noted for the
R611Q, 275delN, 580del26, A607E and V1623G variants.
Similarly, the TSC1 signal was relatively constant, with
only slight reductions in the presence of the TSC2 R611Q,
275delN, 580del26 and A607E variants. The T389 phos-
phorylation status of S6K was clearly dependent on the
presence of the different TSC2 variants. TSC2-dependent
inhibition of S6K-T389 phosphorylation was significantly
reduced (ie, specific S6K T389 phosphorylation signal was
increased compared to wild-type TSC2) in the presence of
the R98W, 275delN, 580del26, A607E, T1068I, V1199G,
D1512A, G1544V, 1553del19, H1617Y, V1623G, R1720Q
and R1720W variants. As shown in Table 1, the T389/S6K
ratio in the presence of these TSC2 variants was signifi-
cantly different to the T389/S6K ratio in the presence of
wild-type TSC2 (unpaired t-test P<0.05). Furthermore, in
the presence of these variants, S6K T389 phosphorylation
was comparable to T389 phosphorylation in the absence of
TSC2 or in the presence of the TSC2 R611Q mutant (T389/
S6K ratio was not significantly different from control:
unpaired t-test P>0.05; Table 1). Only the R98W variant
was significantly different from both the positive and
negative controls (Figure 3 and Table 1). The G62E, Q373P,
T10751, T1075T, P1292A, S1410L and G1416D variants
were as effective as wild-type TSC2 at inhibiting S6K T389
phosphorylation (T389/S6K ratio was not significantly
different from wild-type TSC2: unpaired f-test P>0.05;
T389/S6K ratio was significantly different from the T389/
S6K ratio in the absence of TSC2: unpaired t-test P<0.05;
Table 1).

Immunoblot analysis of the TSC2 variants

We analysed the effects of the TSC2 variants on mTOR
activity by immunoblotting. In three independent experi-
ments, the expression of TSC1 and the TSC2 variants, and
the expression and T389 phosphorylation status of S6K

>

Figure 1 Optimisation of the ICW assay for analysis of TSC2 variants. (a) Schematic showing part of a 96-well cell culture plate. Cells in wells A1 -

A3 (row A) were transfected with expression constructs for wild-type TSC2, TSC1 and myc-tagged S6K (S6K); B1-B3 (row B) were transfected with
expression constructs for the TSC2 R611Q variant, TSC1 and S6Kmyc; C1-C3 (row C) with vector only and D1-D3 (row D) with expression constructs
for TSC1 and S6Kmyc only. A1-D1 (column 1) were probed with a monoclonal antibody specific for TSC2 (Zymed laboratories; green); A2-D2
(column 2) were probed with a monoclonal antibody specific for TSC1 (Zymed laboratories; green) and A3-D3 (column 3) were probed with a
monoclonal antibody specific for T389-phosphorylated S6K (Cell Signaling Technology; green). All wells were probed with a polyclonal antibody
specific for the S6K myc tag (Cell Signaling Technology; red). (b) Odyssey scans of the wells are shown in A, showing the 800 nm (green) channel
(left), the 680 nm (red) channel (centre) and the merged image (right). The transfections in rows A, B and C are indicated on the right, the antibody
signals revealed in columns 1, 2 and 3 are indicated below the scans. (c) Graphical representation of the scans is shown in B. The integrated intensities
of the green and red fluorescent signals were determined using the Odyssey software. After subtraction of the background values (wells C1-C3; row
C), the green:red ratio was calculated. (d) ICW assay using the Tecan EVO200 liquid handling station. Integrated intensities were determined and the
green:red signal ratios calculated as in C for four separate transfection experiments. The mean TSC2/S6K, TSC1/S6K and T389/S6K ratios, and
standard deviations are indicated. The mean T389/S6K ratio in the presence of wild-type TSC2 was significantly reduced compared to the TSC2 R611Q
variant (P=0.03) and TSC1 only control (P=0.004).
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Figure 2 Schematic diagram of TSC2, showing the TSC1-binding and GAP domains, prominent sites of PKB, GSK3 and AMPK phosphorylation,

and the positions of the variant amino acids tested in this study.

were determined (Figure 4). The results of the immuno-
blotting experiments were consistent with the ICW assays.
Compared to wild-type TSC2 and the G62E, Q373P,
T10751, T1075T, P1292A, S1410L and G1416D variants,
S6K T389 phosphorylation was increased in the presence of
the R98W, 275delN, 580del26, A607E, T1068I, V1199G,
D1512A, G1544V, 1553del19, H1617Y, V1623G, R1720Q
and R1720W variants. The immunoblot data differed from
the ICW data in that larger differences were detected in the
signals of the different TSC2 variants, and in the TSC1
signal in the presence of the different TSC2 variants. The
S6K signal was relatively constant, indicating that the
observed differences were unlikely to be due to differences
in cell number and transfection efficiency between the
variants. Compared to wild-type TSC2, the signal for the
R611Q variant was consistently reduced. In addition, the
TSC1 signal was also reduced in the presence of the R611Q
variant. Previous studies have demonstrated that the
R611Q mutation disrupts the TSC1-TSC2 interaction,
reducing the levels of TSC1 and TSC2 in cytosolic
fractions.? A similar pattern was observed for the ROSW,
275delN, 580del26 and A607E variants, indicating that
these variants also have a reduced ability to interact with
TSC1. The amino acids affected in these variants all map to
regions of TSC2 that have previously been shown to be
important for the TSC1-TSC2 interaction.?®~22

Wild-type TSC2 was detected as a broad band on the
immunoblots, consisting of 2-3 isoforms with slightly
different migration characteristics. In contrast, some of the
TSC2 variants appeared to migrate as a single band. This is
most likely due to differences in the post-translational
modification of the different variants.” We compared the
phosphorylation status of the different variants using an
antibody specific for TSC2 phosphorylated at the T1439
position. However, using this antibody, we did not observe
any clear differences in TSC2-T1439 phosphorylation
between wild-type TSC2 and the TSC2 variants (see
Supplementary Figure 2).

Although the immunoblotting experiments supported
the ICW data, the differences averaged over three inde-
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pendent experiments were not always significant (unpaired
t-test; Figure 4). Therefore, the ICW gave more consistent
and reproducible data, and allowed us to classify the 20
variants as pathogenic or not in a relatively short period of
time. The ICW required fewer manipulations than the
immunoblot analysis and was always performed using the
same 96-well grid. Variables such as the cell harvest and
fractionation steps and the gel and buffer characteristics
most likely resulted in more inter-experiment differences
in the immunoblot assays. A comparison of the steps
involved in the two techniques is shown in Figure 5.

The ICW assay indicated that the TSC2 275delN,
580del26, A607E, T1068I, V1199G, D1512A, G1544V,
1553del19, H1617Y, V1623G, R1720Q and R1720W
variants were likely to be pathogenic, as they all disrupted
the ability of the TSC1-TSC2 complex to inhibit mTOR
activity. Immunoblot analysis confirmed that these 12
variants are inactive and therefore disease causing.

The G62E, Q373P, T10751, T1075T, P1292A, S1410L and
G1416D variants were indistinguishable from wild-type
TSC2 in both the ICW and immunoblot assays. However, it
was possible that the corresponding nucleotide changes
could still be pathogenic through effects on TSC2 mRNA
splicing. We analysed the nucleotide changes using three
splice site prediction programs.'*~!7 Only the 1136A>C
(Q373P, TSC2 exon 10) substitution was predicted to affect
splicing. Codon 373 is encoded by the last three nucleo-
tides of TSC2 exon 10, and according to all three prediction
programs, the 1136A > C substitution disrupts the exon 10
donor sequence, resulting in an aberrantly spliced TSC2
mRNA. We concluded that the 1136A >C (Q373P) variant
was a pathogenic splice site mutation, and not a missense
mutation. Subsequent genetic analysis of the parents of the
TSC patient with the TSC2 1136A>C (Q373P) variant
demonstrated that this was a de novo change. Paternity was
also confirmed in this case (data not shown).

In contrast to the TSC2 variants discussed above, the
R98W variant could not be classified as either pathogenic
or non-pathogenic. This variant was able to inhibit S6K
T389 phosphorylation in both the ICW and immunoblot
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Figure 3 Characterisation of 20 TSC2 variants using the ICW assay. (a) Schematic showing part of a 96-well cell culture plate. Cells in wells A1-A3
(row A), B1-B3 (row B), C1-C3 (row C) and D1-D3 (row D) were transfected as before (see Figure 1). Cell in the remaining sets of three wells were
transfected with expression constructs for the different TSC2 variants, TSC1 and S6Kmyc. All wells were probed with a polyclonal antibody specific for
the S6K myc tag (red). Wells in columns 1, 4 and 7 were probed with a monoclonal antibody specific for TSC2 (green); wells in columns 2, 5 and 8
were probed with a monoclonal antibody specific for TSC1 (green) and wells in columns 3, 6 and 9 were probed with a monoclonal antibody specific
for T389-phosphorylated S6K (green). (b) Odyssey scans of the wells are shown in (a). (c) Graphical representation of the results of three independent
ICW assays. The integrated intensities of the green and red fluorescent signals were determined using the Odyssey software. In each case the
background values, measured in wells C1-C3 (control), were subtracted from the integrated intensity. In the top graphic, the mean integrated
intensity values for S6K are shown. In the three lower graphics, the expression of TSC2 and TSC1, and the T389 phosphorylation of S6K are indicated.
To correct for inter-well differences in cell number and transfection efficiency, values are expressed relative to the total S6K signal. Standard deviations
are indicated. TSC2 variants with a significantly different T389/S6K ratio than wild type (P<0.05) are indicated with an asterisk.
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Figure 4 Characterisation of 20 TSC2 variants by immunoblot analysis. Cells co-transfected with expression constructs encoding TSC1, S6Kmyc
and either wild-type TSC2 or one of the 20 TSC2 variants were harvested and cytosolic fractions separated on a 6% SDS-PAGE gel before transfer. Blots
were probed with rabbit polyclonal antisera against TSC2, TSC1 and the myc epitope tag, and a mouse monoclonal against T389-phosphorylated S6K,
followed by the Li-Cor goat anti-rabbit 800 and goat anti-mouse 680 secondary antibodies. (a) Representative scan of an immunoblot. Expression of
the TSC2 variants, TSC1 and S6K (all red) and the T389 phosphorylation of S6K (green) are indicated. (b) Graphical representation of the results of
three independent immunoblots. The integrated intensities of the green and red fluorescent signals were determined using the Odyssey software with
background correction. In the top graphic, the mean values for S6K are shown. In the three lower graphics, the expression of TSC2 and TSC1, and the
T389 phosphorylation of S6K are indicated. To correct for differences in cell number and transfection efficiency, values are expressed relative to the
total S6K signal per lane. Standard deviations are indicated. TSC2 variants with a significantly different T389/S6K ratio than wild type (P<0.05) are
indicated with an asterisk.
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Figure 5 Flow diagram to show the steps involved in the ICW
assay, compared to immunoblotting.

assays, but was less effective than wild-type TSC2. On the
immunoblots, the expression of the R98W variant was
reduced compared to wild-type TSC2, and the expression
of TSC1 was also consistently reduced in the presence of
this variant. This suggests that the R98W substitution
affects the TSC1-TSC2 interaction, and therefore reduces
the ability of the complex to inhibit mTOR signalling.

As shown in Figure 6, the TSC2 310C>T (R98W)
substitution was detected in a mother and a fetus. The
fetus did not survive to term and was diagnosed with TSC
post-mortem. No signs of TSC were reported in either
parent. The mother was heterozygous for the TSC2
310C>T (R98W) variant, whereas the fetus appeared to
be hemizygous for this variant as the wild-type allele was
not detected and MLPA analysis of the fetal DNA indicated
that there was a deletion of TSC2 exons 1-8. MLPA analysis
of the TSC1 locus in the fetus suggested that there was also
a duplication of the entire TSCI coding region. However,
due to a lack of material, we were unable to confirm the
MLPA data. Therefore, the clinical, genetic and functional
data for this variant were all problematic and we were
unable to determine for certain whether the R98W
substitution disrupts the TSC1-TSC2 complex sufficiently
to cause TSC. TSC2 missense mutations with apparently
mild phenotypic effects have been described previously,>*~%
and have been shown to affect TSC1-TSC2 function in
vitro.?*?% In the family shown in Figure 6, it seems most
likely that the deletion of exons 1-8 at the TSCZ2 locus
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Figure 6 Pedigree showing inheritance of the TSC2 310 C>T
(R98W) variant. Open symbols indicate no signs or symptoms of TSC;
black symbol indicates definite TSC (diagnosed post-mortem).
Genotypes, where known, are indicated.

caused TSC in the fetus. We could not rule out the
possibility that the TSC2 R98W substitution modifies the
phenotype in this family.

Discussion

Mutation analysis of individuals with, or suspected of
having, a genetic disease facilitates the diagnosis, treat-
ment and genetic counselling of those individuals and
their families. However, in some cases, it is not possible to
determine from the genetic data whether an identified
nucleotide change is disease causing. Functional analysis of
the predicted protein variants provides an additional
method for determining whether specific changes are
pathogenic. Here, we show that the ICW assay is a robust
and reproducible assay for the analysis of unclassified TSC2
variants and can complement standard DNA-based mole-
cular diagnostics. We tested the activity of 20 different
TSC2 variants and identified 12 pathogenic changes
(275delN, 580del26, A607E, T1068I, V1199G, D1512A,
G1544V, 1553del19, H1617Y, V1623G, R1720Q and
R1720W), 7 neutral variants (G62E, Q373P, T1075I,
T1075T, P1292A, S1410L and G1416D), and one variant
(R98W) where the functional significance of the substitu-
tion was not clear.

Characterisation of the effects of different TSC2 amino
acid changes on the TSC1-TSC2 complex will help provide
insight into the structure and function of the complex. The
N-terminal 769 amino acids of TSC2 are important for the
TSC1-TSC2 interaction.'®?? Four changes mapping to this
domain (R98W, 275delN, 580del26 and A607E) reduced
the levels of both TSC1 and TSC2 in cytosolic fractions. We
did not observe any effect of either the G62E or Q373P
substitutions, indicating that these residues are not critical
for the TSC1-TSC2 interaction. We analysed seven TSC2

O
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variants affecting amino acids close to the TSC2 GAP
domain (amino acids 1593-1631)* (Figure 2). All of these
changes prevented the TSC1-TSC2-dependent inhibition
of mTOR signaling, indicating that residues within and
flanking the reported GAP domain are essential for TSC2
activity.

The TSC is one of several diseases that are caused by
mutations in genes involved in the mTOR signalling
pathway.?® The application of similar ICW assays to analyse
unclassified variants in individuals with these diseases may
also prove to be a useful adjunct to standard molecular
genetic analysis.
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Abstract

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder
characterised by the development of hamartomas in a variety of organs and tissues. The
disease is caused by mutations in either the TSC1 gene on chromosome 9934, or the
TSC2 gene on chromosome 16p13.3. The TSC1 and TSC2 gene products, TSC1 and
TSC2, form a protein complex that inhibits signal transduction to the downstream
effectors of the mammalian target of rapamycin (mMTOR). Here we investigate the
effects of TSC1 missense mutations on TSC1 function and identify specific amino acid
substitutions in the N-terminal region of TSC1 that result in proteosome-mediated
degradation of TSC1, reducing steady state levels of the protein and leading to increased
MTOR signalling. Our results suggest that the N-terminal region of TSC1 is important
for either binding TSC2, or for the intracellular localisation of the TSC1-TSC2

complex.

Keywords: tuberous sclerosis complex, TSC1, TSC2
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Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder
characterised by the development of hamartomas in a variety of organs and tissues,
including the brain, skin and kidneys"?. Mutations in either the TSC1 gene on
chromosome 99343, or the TSC2 gene on chromosome 16p13.3* cause TSC. In most
studies, 75 - 85% of individuals with TSC have been shown to carry a germ-line TSC1
or TSC2 mutation>®. In 5-10% of individuals with TSC, TSC1 or TSC2 variants are
identified where it is not absolutely clear from the genetic data whether the change is
disease-causing (a pathogenic variant), or not (a neutral variant). To determine whether
these unclassified variants (UVs) are disease-causing, the effect of the changes on
protein function can be investigated'® ** .

The TSC1 and TSC2 gene products, TSC1 and TSC2, interact to form a protein
complex2. TSC2 contains a GTPase activating protein (GAP) domain and acts on the
rheb GTPase to inhibit rheb-GTP-dependent stimulation of the mammalian target of
rapamycin (MTOR)™. The exact role of TSC1 in the TSC1-TSC2 complex is less clear,
but it appears to be required for maintaining the stability, activity and correct
intracellular localisation of the complex™. Inactivation of the TSC1-TSC2 complex
results in activation of mTOR and phosphorylation of the mTOR targets p70 S6 kinase
(S6K) and 4E-BP1%. The effects of amino acid changes to TSC1 or TSC2 on TSC1-
TSC2 complex formation, on the activation of rheb GTPase activity by the complex,
and on the phosphorylation status of S6K and S6 can be determined'® **' ‘¢, Pathogenic
missense changes towards the N-terminus of TSC2 prevent formation of the TSC1-
TSC2 complex, while missense changes towards the C-terminus do not prevent TSC1-

TSC2 binding but disrupt the rhebGAP activity of TSC2 directly’. Pathogenic TSC1
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missense changes are rare>®. However, recent studies of TSC1 missense variants
identified in bladder cancers'’ and in patients with TSC** have shown that TSC1 amino
acid substitutions can be pathogenic, reducing steady state levels of TSC1 and leading
to increased mTOR activity.

Here, we test an additional 13 unclassified TSC1 variants from the LOVD TSC1
mutation database™®. Our analysis confirms that TSC1 missense mutations reduce
steady state levels of TSC1, and result in increased mTOR signalling. Furthermore, we
find that the intracellular localisation of pathogenic and neutral TSC1 variants is
distinct. The variants we classified as pathogenic are clustered within the conserved,
hydrophobic N-terminal region of TSC1, indicating that this region plays an important

role in TSC1 function.

Materials and Methods
Comparative analysis of TSC1 amino acid substitutions

TSC1 variants identified in individuals with TSC, or suspected of having TSC,
and submitted to the LOVD TSC mutation database’® were chosen for analysis. To
predict whether the variants were likely to be pathogenic, a multiple sequence alignment
analysis was performed using SIFT software'*?°. Hydrophobicity plots and secondary
structure predictions were generated using DNAMAN (Lynnon BioSoft), SABLE? and
PSIPRED? software. To determine whether the identified changes were likely to have

an effect on splicing, 3 different splice-site prediction programs were used*2.

Generation of constructs and antisera
Expression constructs encoding myc-tagged TSCL1 variants were derived using

the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.). In
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each case the complete open reading frame of the mutated construct was verified
by sequence analysis. Other constructs used in this study have been described
previously™ !, Antibodies were purchased from Cell Signaling Technology (Danvers,
MA, U.S.A.), except for a mouse monoclonal antibody against TSC2 which was

purchased from Zymed Laboratories (San Francisco, CA, U.S.A)).

Functional analysis of TSC1 variants

Immunoblot analysis of S6K T389 phosphorylation in cells over-expressing TSC1
variants. HEK 293T cells were transfected with a 4:2:1 mixture of the TSC1, TSC2 and
S6K expression constructs. A total of 0.7 ug DNA was diluted in 50 ul Dulbecco's
modified Eagle medium (DMEM) containing 2.1 pg polyethyleneimine (Polysciences,
Warrington, PA, U.S.A.). Where necessary, an empty expression vector (0cDNA3;
Invitrogen, Carlsbad, CA, U.S.A.) was added to make up the total amount of DNA.
After 15 minutes at room temperature the DNA/polyethyleneimine complexes were
added to 80% confluent cells in 24-well cell culture dishes. After 4 hours at 37°C the
transfection mixture was replaced with DMEM containing 10% foetal calf serum.
Twenty-four hours after transfection the cells were transferred to ice, the culture
medium was removed and the cells were washed briefly with cold PBS. The washed
cells were lysed by the addition of 75 ul lysis buffer containing 50 mM Tris-HCI pH
8.0, 150 mM NaCl, 50 mM NaF, 1% Triton X100 and a protease inhibitor cocktail
(Complete, Roche Molecular Biochemicals, Woerden, The Netherlands). The lysates
were cleared by centrifugation (10 000 g, 10 minutes, 4°C) and the supernatant and
pellet fractions recovered for immunoblot analysis. The pellet fractions were
resuspended in 100 pl sample buffer (62.5 mM Tris-HCI pH 6.8, 10% glycerol, 300

mM 2-mercaptoethanol, 2% SDS) and sonicated (8um, 15 seconds, 4°C) prior to gel
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electrophoresis. Samples were run on 4-12 % SDS-PAGE Criterion gradient gels
(BioRad, Hercules, CA, U.S.A.) and blotted onto nitrocellulose. Blots were analysed
using near infra-red fluorescent detection on an Odyssey™ Infrared Imager (169 pum
resolution, medium quality with 0 mm focus offset) (Li-Cor Biosciences, Lincoln, NE,
U.S.A)). The integrated intensities of the protein bands relative to the wild-type TSC1
values were determined in at least 3 separate experiments using the Odyssey™
software (default settings with background correction; 3 pixel width border average

method). Signal intensities were compared as described previously?®.

Proteosome-mediated degradation of TSC1 variants. HEK 293T cells were transfected
with expression constructs encoding TSC2, S6K and the different TSC1 variants.
Twenty-four hours after transfection the culture medium was replaced with DMEM
containing either 42 uM MG-132 (Sigma-Aldrich, St. Louis, MO, U.S.A.) or vehicle
control. After 4 hours, insulin (200 nM; Sigma-Aldrich) or vehicle control was added to
the culture medium and, after a further 30 minute incubation, the cells were harvested

and analysed by immunoblotting, as before.

Immunofluorescent detection of TSC1 variants. HEK 293T cells were seeded onto glass
coverslides coated with poly-L-lysine (Sigma-Aldrich). Twenty-four hours later the
cells were transfected with expression constructs encoding TSC2 and/or the TSC1
variants. Twenty-four hours after transfection, the cells were processed for
immunofluorescent microscopy as described previously. Fixed, permeabilised cells
were incubated with a rabbit polyclonal antibody specific for TSC2'? and a mouse
monoclonal antibody specific for the TSC1 C-terminal myc epitope tag (9B11, Cell

Signaling Technology), followed by fluorescein isothiocyanate- and Cy3-coupled
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secondary antibodies against mouse and rabbit immunoglobulins (DAKO,
Carpinteria, CA, U.S.A.) respectively. Cells were studied using a Leica DM RXA

microscope and Image Pro-Plus version 6 image analysis software.

Results
Comparative analysis of TSC1 amino acid substitutions

We searched the LOVD database® for unclassified TSC1 missense variants and
selected 13 amino acid substitutions that were either likely to be pathogenic changes, or
could not be excluded as neutral variants (Table 1). In this group there was a single
confirmed de novo change, TSC1 ¢.182T>C (p.L61P), that was very likely to be
pathogenic and a recurrent substitution, ¢.568C>T (p.R190C), that was very likely to be
a neutral variant. This variant was of particular interest as a different substitution at the
same codon ¢.569G>C (p.R190P) was reported as possibly pathogenic. In one
individual with TSC, 2 TSC1 missense changes, ¢.149T>C (p.L50P) and ¢.2420T>C
(p.1807T), were reported. To establish whether either of these changes was responsible
for TSC, or whether the combination of both changes was required to inactivate TSC1,
we analysed a L50P-1807T double variant as well as the L50P and 1807T single
variants.

To predict whether the amino acid substitutions were likely to be pathogenic, we
performed a SIFT analysis using a multiple sequence alignment of TSC1 derived from
14 different species (human, chimpanzee, macacca, cow, dog, horse, mouse, rat,
chicken, pufferfish, honey bee, fruitfly, mosquito and fission yeast). The results of this
analysis are shown in Figure 1 and Table 1. Overall, the N-terminal (amino acids 1 -
270) and C-terminal (amino acids 680 - 1164) regions of TSC1 were intolerant of amino

acid substitutions while the central region (amino acids 270 - 680) was predicted to be
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more tolerant. Of the 13 substitutions selected for this study, 7 were predicted to be
tolerated and therefore unlikely to be pathogenic, while 6 were predicted not to be
tolerated and therefore likely to be pathogenic (Table 1).

Splice site prediction analysis of the TSC1 nucleotide changes was performed
using 3 independent splice site prediction programs. Neither NetGene2*® nor Human
Splicing Finder® predicted any splicing defects for any of the 13 changes. In contrast,
NNSPLICE 0.9% predicted that the TSC1 ¢.1433A>G (p.E478G) change would result in
a splice donor site 6 nucleotides downstream of the wild-type exon 14 donor site being
preferred to the wild-type donor site. The wild-type site was no longer recognised as a
splice donor site by the NNSPLICE site prediction program. Consequently, in addition
to the E478G substitution, the creation of a new splice donor site by the TSC1
€.1433A>G change resulted in the insertion of 2 extra codons (encoding amino acids

GN) between TSC1 codons 479 and 480.

Functional analysis of TSC1 amino acid substitutions

We characterised the effects of the 13 TSC1 single missense variants and the 2
double missense variants on the activity of the TSC1-TSC2 complex. We compared the
15 variants to wild-type TSC1 and the TSC1-L117P pathogenic variant'. As shown in
Figure 2, the L50P, L61P, L93R, V133F and R190P amino acid substitutions all
resulted in reduced levels of TSC1 and increased mTOR activity, as estimated by the
T389 phosphorylation status of S6K, the mTOR substrate. We did not observe any
differences between the L50P variant and the L50P/I807T double variant. The L50P,
L61P, L93R, V133F and R190P amino acid substitutions all had the same effect on

TSC1 as the previously-characterised L117P variant. Furthermore, in each case the
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T389/S6K ratio was significantly different to wild-type TSC1 (unpaired t-test p <
0.05; see Table 1).

The E51D, R190C, S334L, E478G, Q550E, D658E, A659V and I807T variants
were detected at comparable levels to wild-type TSC1 and S6K T389 phosphorylation
was reduced to the same levels as in the presence of wild-type TSCL. In each case there
was no significance difference in the T389/S6K ratio compared to wild-type TSC1

(unpaired t-test p > 0.05; see Table 1).

TSC1 variants are degraded by the proteosome

We considered two possible reasons for why the TSC1 L50P, L61P, L93R,
V133F and R190P variants were detected at low levels. One possibility was that the
variants were insoluble and therefore not present in the cell lysate fraction analysed by
immunoblotting. We analysed the insoluble post cell lysis pellet fractions, but did not
detect any of the TSC1 variants in these fractions (data not shown).

The second possibility was that the L50P, L61P, L93R, V133F and R190P
variants were subject to rapid turn-over and degradation. To investigate this possibility
we treated cells expressing wild-type TSC1 or the L50P or L117P variants with the
proteosome-inhibitor MG-1322". After 4 hours treatment we observed an increase in the
levels of the L50P and L117P variants compared to wild-type TSC1, as shown in Figure
3. Next, we investigated whether the reduced turn-over of these variants caused by the
inhibition of proteosome activity affected the TSC1-TSC2-dependent inhibition of
mTOR signalling. We stimulated MG-132 treated cells with 200 nM insulin for 30
minutes and estimated mMTOR activity by measuring the T389 phosphorylation status of
S6K. As shown in Figure 3, treatment of the cells expressing the L50P and L117P

variants with MG-132 resulted in increased S6K phosphorylation in both insulin-
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stimulated and unstimulated cells. The same treatment did not affect S6K
phosphorylation in stimulated or unstimulated cells expressing wild-type TSC1 (Figure

3).

Intracellular localisation of the pathogenic variants

A shown in Figure 4, exogenous expression of the TSC1 E51D variant resulted
in the formation of large, cytoplasmic TSC1 protein aggregates, consistent with
previous results with wild-type TSC1%. Coexpression of TSC2 resulted in a reduction
in the number of aggregates, and both TSC2 and the TSC1 E51D variant were detected
throughout the cell cytoplasm. We compared the intracellular localisation of the TSC1
L50P, L61P, L93R, V133F and R190P variants to wild-type TSC1. As shown in Figure
4, the TSC1 L50P variant did not form large cytoplasmic aggregates, but was expressed
relatively uniformly throughout the cell cytoplasm. This localisation was unaffected by
coexpression of TSC2. The intracellular localisation patterns of the L61P, L93R, V133F
and R190P variants were indistinguishable from the L50P variant (data not shown).

We did not observe any differences in localisation between wild-type TSC1 and
the E51D, R190C, S334L, E478G, Q550E, D658E, A659V and 1807T variants by

immunofluorescent microscopy.

Discussion

We investigated the effects of 13 putative pathogenic amino acid substitutions
on TSC1 function. Our findings are summarised in Table 1. The TSC1 L50P, L61P,
L93R, V133F and R190P changes resulted in reduced levels of TSC1, a reduction in the
TSC1-TSC2-dependent inhibition of mTOR activity and an altered intracellular

expression pattern compared to wild-type TSCL1. In contrast, the E51D, R190C, S334L,
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E478G, Q550E, D658E, A659V and I1807T substitutions did not differ significantly
from TSC1 in our assays. We concluded that the L50P, L61P, L93R, V133F and R190P
changes were pathogenic and that the E51D, R190C, S334L, E478G, Q550E, D658E,
AB59V and 1807T amino acid substitutions were most likely neutral TSC1 variants.
Splice site prediction analysis did not reveal any evidence for aberrant splicing, except
for the ¢.1433A>G (E478G) variant. Therefore, more work is required to determine
whether this is a pathogenic splice site mutation and we are currently investigating
whether the predicted splice product of this variant leads to expression of a functional
TSC1 variant. We did not identify any predicted effects on TSC1 splicing for any of the
other nucleotide changes. Therefore we concluded that the ¢.149T>C (p.L50P),
€.182T>C (p.L61P), ¢.278T>G (p.L93R), ¢.397G>T (p.V133F) and ¢.569G>C
(p.R190P) substitutions are pathogenic missense mutations, and the ¢.153A>C
(p.E51D), ¢.568C>T (p.R190C), ¢.1001C>T (p.S334L), ¢.1648C>G (p.Q550E),
€.1974C>G (p.D658E), ¢.1976C>T (p.A659V) and ¢.2420T>C (p.1807T) substitutions
are neutral variants. During subsequent, additional mutation screening in the Rotterdam
cohort, TSC patients with the c.153A>C (p.E51D), ¢.568C>T (p.R190C) and
€.1001C>T (p.S334L) substitutions were identified. In each case, a definite pathogenic
TSC2 mutation was identified (data not shown).

All of the amino acid substitutions that affected TSC1 function in our assays
were in the N-terminal region of TSC1 shown by SIFT analysis to be relatively
intolerant of amino acid changes. For each of these substitutions the results of the
functional analysis were consistent with the SIFT prediction. According to the LOVD
mutation database the L61P and L93R substitutions are probably pathogenic®®. Our
functional analysis supports this conclusion. The L50P, V133F and R190P substitutions

are classified as unknown in the database. Our data indicates that these changes are also
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probably pathogenic. Two amino acid substitutions from the substitution-intolerant
N-terminal region, E51D and R190C, did not affect TSC1 function in our assays. Both
aspartate (E) and glutamate (D) are acidic amino acids and the SIFT analysis predicted
that the E51D substitution should be tolerated, which may be expected for a like-for-like
substitution. In contrast, according to the SIFT analysis, the R190C substitution was not
tolerated. However, this change has been identified in several individuals without TSC
and is classified as having no known pathogenicity by the LOVD mutation database®.
Furthermore, the R190C variant was indistinguishable from wild-type TSC1 in our
assays, indicating that the SIFT prediction is inaccurate for this particular amino acid
substitution. More generally, this result demonstrates that a conclusion with respect to
pathogenicity should not be made based on in silico analysis only. Comparison of the
TSC1 R190C and R190P variants reveals that different substitutions at the same amino
acid codon can have distinct effects on protein function. In this case, either the basic
charges of the arginine (R pKa = 12.48) or cysteine (C pKa = 8.35) residues are
essential for TSC1 function, or the aliphatic proline (P) residue disrupts the native
conformation of TSC1.

In addition to the E51D and R190C substitutions, 6 other TSC1 amino acid
substitutions did not affect TSC1 function in our assays. Of these, 5 were within the
substitution-tolerant central region of TSC1 (amino acids 270 - 680) defined by the
SIFT analysis (Figure 1). The remaining change (1807T) was outside this region, but
was also predicted to be tolerated. According to the LOVD mutation database the
S334L, D658E and A659V substitutions are probably not pathogenic. Our data support
this conclusion and, in addition, indicate that the Q550E and I1807T substitutions are
also unlikely to be pathogenic. Although the E478G substitution is unlikely to be

pathogenic, splice site analysis indicated that the ¢.1433A>G nucleotide change may

11
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influence splicing of the TSC1 gene and therefore may be a pathogenic splice site
mutation. Unfortunately we did not have access to RNA from this particular individual,
so were unable to investigate this possibility further.

To gain more insight into the effects of the pathogenic amino acid substitutions
on TSC1 function we compared the predicted characteristics and secondary structure of
wild-type and variant TSC1 isoforms with variants analysed as part of other studies*" *.
With one exception (R190P), all the pathogenic changes identified to date replaced a
hydrophobic residue (L, V, M) with either a basic amino acid (R, H), proline (P) or
phenylalanine (F), resulting in a reduction in hydrophobicity around the site of the
substitution (Figure 5A). One possibility is that this domain mediates an important inter-
or intramolecular interaction. Alternatively, it may play a role in the proposed
membrane localisation of TSC1%,

Although the pathogenic R190P change increases the hydrophobicity of the
amino acid chain compared to wild-type TSC1, the neutral R190C change increases the
hydrophobicity even more, indicating that at this residue, hydrophobicity is probably
not the most critical characteristic of the protein chain. In contrast to the pathogenic
amino acid substitutions, substitutions that did not affect TSC1 function did not have a
consistent effect on the TSC1 hydrophobicity profile (Figure 5B).

The L50P, L61P, L93R, V133F and R190P variants were detected at
lower levels compared to wild-type TSC1 and the E51D, R190C, S334L, Q550E,
D658E, A659V and I807T variants. Inhibition of proteosome-mediated protein turnover
using MG-132 resulted in increased expression of the L50P and L117P variants,
indicating that the pathogenic TSC1 variants were rapidly degraded by the proteosome.
Interestingly, increasing the levels of the TSC1 L50P and L93R variants by inhibiting

proteosome activity resulted in an increase in mTOR activity, as measured by the extent
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of S6K T389 phosphorylation. This suggests that the proteosome-mediated

degradation of pathogenic TSC1 variants may be an important mechanism for
preventing dominant negative effects of these mutant proteins on mTOR signalling.

Mutation analysis of the TSC1 and TSC2 genes in individuals with TSC, and in
those suspected of having the disease is important for diagnosis and genetic counselling.
However, in a significant minority of TSC patients, UVs are identified. For these
individuals and their families considerable uncertainty can remain about, for example,
the recurrence risk. Functional assays can help indicate whether these UVs are
pathogenic or not. Here we have analysed 13 TSC1 UVs predicted to cause missense
changes to the TSCL1 protein and identified 5 pathogenic changes. Several studies
indicate that TSC1 mutations are associated with a less severe clinical presentation in
TSC patients”® and it will be interesting to determine whether patients with a TSC1
missense mutation have a distinct phenotypic spectrum from other TSC patients.

Here we show how the use of functional assays to differentiate between neutral
and pathogenic variants facilitates the identification of pathogenic mutations in
individuals with TSC and provides insight into how specific amino acid residues

contribute to protein function.

Summary

Amino acid changes to the hydrophobic N-terminal region of TSC1 increase
proteosome-mediated TSC1 degradation, reducing steady state levels of the protein and
resulting in inceased signalling through mTOR.

Rapid degradation of the mutant TSC1 isoforms is necessary as increasing the
levels of the mutant variants resulted in a dominant negative effect on the TSC1-TSC2

dependent inhibition of mTOR signalling.
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Table 1.
Nucleotide Exon Amino acid | SIFT LOVD Effect on
change substitution TSC1
function?
(t-test)
€.149T>C 4 p.L50P not unknown yes (p =
tolerated 0.03)
c.153A>C 4 p.E51D tolerated probably not | no (p =0.3)
pathogenic
€.182T>C 4 p.L61P not confirmed yes (p =
tolerated pathogenic 0.002)
€.278T>G 5 p.L93R not probably yes (p =
tolerated pathogenic 0.03)
c.397G>T 6 p.V133F not unknown yes (p =
tolerated 0.005)
€.569G>C 7 p.R190P not unknown yes (p =
tolerated 0.004)
c.568C>T 7 p.R190C not no known no (p =
tolerated pathogenicity | 0.19)
c.1001C>T |10 p.S334L tolerated probably no no (p =
pathogenicity | 0.19)
c.1433A>G |14 p.E478G tolerated unknown no (p =0.6)
€.1648C>G | 15 p.Q550E tolerated unknown no (p =0.9)
€.1974C>G | 15 p.D658E tolerated probably no no (p =
pathogenicity | 0.13)
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c.1976C>T | 15 p.A659V tolerated probably no no (p =0.1)

pathogenicity

€.2420T>C |19 p.1807T tolerated unknown no (p =

0.18)
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Titles and legends to figures

Figure 1: Results of the SIFT prediction analysis.

(A) Graphical representation of the SIFT analysis results for TSC1. Each amino acid is
represented by a box. Solid green boxes represent positions that are completely tolerant
(all amino acid changes are possible); open green boxes represent positions where one
or two amino acid substitutions are not tolerated. Solid red boxes represent completely
intolerant positions (no amino acid changes are tolerated); open red boxes represent
positions where only three or fewer amino acid changes are tolerated. The positions of

the amino acid variants tested as part of this study are indicated in orange.

Figure 2: Inhibition of S6K-T389 phosphorylation by the TSC1 variants.

(A) Cells expressing S6K, TSC2 and wild-type TSC1 (wt) or the TSC1 variants were
analysed by immunoblotting. Levels of TSC1, TSC2, total S6K and T389-
phosphorylated S6K were determined using Odyssey™ near infra-red detection (Li-Cor
Biosciences) and quantification software. As controls, cells transfected with expression
constructs for wild-type TSC1 and S6K only (TSC1/S6K), TSC2 and S6K only
(TSC2/S6K), S6K only (S6K) or empty vector only (control) were also analysed. S6K
and the TSC1 variants were detected with an antibody specific for the myc epitope tag.
The signals for the L117P, L50P, L61P, L93R, V133F and R190P single variants and
L50P/1807T double variant were clearly reduced compared to wild-type TSC1 (see also
B). Furthermore, S6K T389 phosphorylation was increased in the presence of the
L117P, L50P, L61P, L93R, V133F, R190P and L50P/I807T variants compared to the
E51D, R190C, S334L, E478G, Q550E, D658E, A659V and I807T variants. (see also

D). A representative example of 3 separate experiments is shown.
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(B) Expression of the TSC1 variants. The integrated intensities of the TSC1 signals for
each variant were determined in 3 independent experiments. The TSCL1 signals, relative
to wild-type TSC1 (TSC1 wt) were determined. Standard deviations are indicated. The
signals for the L117P, L50P, L61P, L93R, V133F and R190P single variants and
L50P/I807T double variant were clearly reduced compared to wild-type TSC1 and the
E51D, R190C, S334L, E478G, Q550E, D658E, A659V and 1807T variants.

(C) Expression of TSC2 in the presence of the TSC1 variants. The integrated intensity
of the TSC2 signal in the presence of each of the different TSC1 variants was
determined in 3 independent experiments. The TSC2 signals, relative to the signal in the
presence of wild-type TSC1 (TSC1 wt), were determined. Standard deviations are
indicated. The TSC2 signals in the presence of the different TSC1 variants were not
significantly different to the TSC2 signal in the presence of wild-type TSC1 (unpaired t-
test, p value >0.05).

(D) Inhibition of S6K T389 phosphorylation in the presence of different TSC1 variants.
The ratio of the T389 S6K phosphorylation signal intensity to the total S6K signal
intensity (T389/S6K) was measured in 3 independent experiments. The integrated
intensity of each band was determined using the Odyssey scanning software and the
mean T389/S6K ratios, relative to the wild-type TSC1 (wt) (wild-type TSC1 T389/S6K
ratio = 1) were determined. Standard deviations are indicated. The S6K-T389
phosphorylation: total S6K ratio in the presence of the L117P, L50P, L61P, L93R,
V133F and R190P single variants and L50P/1807T double variant was significantly
increased compared to wild-type TSC1 (unpaired t-test p< 0.05; see Table 1.). In

contrast the values for the E51D, R190C, S334L, E478G, Q550E, D658E, A659V and
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I1807T variants were not significantly different from wild-type TSC1 (unpaired t-
test p > 0.05; see Table 1.).
(E) Expression of S6K in the presence of the TSC1 variants. The integrated intensity of
the total S6K signal in the presence of each of the different TSC1 variants was
determined in 3 independent experiments using the Odyssey scanning software. The
S6K signals, relative to the signal in the presence of wild-type TSC1 (TSC1 wt), were
determined. Standard deviations are indicated. The total S6K signals in the presence of
the different TSC1 variants were not significantly different to the S6K signal in the
presence of wild-type TSC1 (unpaired t-test, p value >0.05), indicating that the

transfection efficiency and gel-loading was relatively constant.

Figure 3. Proteosome-mediated degradation of pathogenic TSC1 missense variants.
(A) Immunoblot showing levels of TSC2, TSC1 variants (L50P, L117P and wild-type
(TSC1)), S6K and T389-phosphorylated S6K (T389) in transfected HEK 293T cells
treated with 42 uM MG-132 and 200 nM insulin (+insulin/MG-132), 42 yM MG-132
only (+MG-132), 200 nM insulin only (+ insulin), or left untreated (basal).

(B) Graphical representation of the immunoblot experiments showing MG-132-
dependent inhibition of proteosome-mediated degradation of the TSC1 L50P and L117P
variants. The integrated intensities of the signals for the TSC1 variants were compared
to the wild-type signals. Inhibition of proteosome-mediated degradation with MG-132
resulted in a relative increase in the signals for the pathogenic variants compared to
wild-type TSCL1 in both insulin stimulated (+ insulin) and unstimulated (basal) cells.
(C) Graphical representation of the immunoblot experiments showing increased mTOR
activity after treating cells with the proteosome inhibitor MG-132. To estimate mTOR

activity, the T389/S6K ratio in the presence of MG-132, insulin and the TSC1 L50P and
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L117P variants was determined. Inhibition of the proteosome-mediated
degradation of the L50P and L117P variants (+ MG-132) resulted in increased mTOR
activity, compared to untreated cells.

(D) Graphical representation of the immunoblot experiments. The mean T389/S6K ratio
is shown for wild-type TSC1 (TSC1) and the L50P and L117P variants, after treatment
with MG-132 only (MG-132), insulin only (insulin), both reagents (MG-132/insulin) or
untreated (basal). The T389/S6K ratio was significantly increased by addition of MG-
132 for the TSC1 variants (paired t-test, p < 0.05), but not for wild-type TSC1 (paired t-

test, p > 0.05).

Figure 4: Intracellular localisation of TSC1 detected by immunofluorescence
microscopy.

(A - C) Immunofluorescence microscopy was performed on HEK 293T cells
coexpressing TSC2 and the TSC1 E51D variant. (A) DAPI nuclear stain; (B) Diffuse
cytoplasmic localisation of the E51D variant in the presence of TSC2 (C) Diffuse
cytoplasmic localisation of TSC2.

(D - F) Immunofluorescence microscopy was performed on HEK 293T cells
coexpressing TSC2 and the TSC1 L50P variant. (D) DAPI nuclear stain; (E) Diffuse
cytoplasmic localisation of the L50P variant in the presence of TSC2 (F) Diffuse
cytoplasmic localisation of TSC2.

(G - H) Immunofluorescence microscopy was performed on HEK 293T cells expressing
the TSC1 E51D variant. (G) DAPI nuclear stain; (H) Punctate cytoplasmic localisation

of the E51D variant.
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(I'- J) Immunofluorescence microscopy was performed on HEK 293T cells
expressing the TSC1 L50P variant. (G) DAPI nuclear stain; (H) Diffuse cytoplasmic

localisation of the L50P variant.

Figure 5: Comparative hydrophobicity profiles of TSC1 and TSC1 variants.
Hydrophobicity values for each amino acid residue of wild-type and variant TSC1
isoforms were calculated using DNAMAN software (default parameters). The
differences in the predicted hydrophobicity per amino acid residue between the wild-
type and variant isoforms were plotted. VValues > 0 indicate an increase in
hydrophobicity of the variant relative to the wild-type sequence; values < 0 indicate a
decrease.

(A) Predicted comparative hydrophobicity of pathogenic TSC1 variants. Pathogenic
variants analysed as part of this and as part of a previous study’ are indicated.

(B) Predicted comparative hydrophobicity of neutral TSC1 variants. Non-pathogenic
variants from the LOVD mutation database'® were compared to wild-type TSC1. The
R190C, S334L, E478G, A659V and 1807T variants are indicated. The E51D, Q550E
and D658E substitutions did not affect the TSC1 hydrophobicity profile. The relative

positions of these substitutions are indicated with arrows.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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