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Tuberin-heterozygous cell line TSC2ang1 as a model
for tuberous sclerosis-associated skin lesions
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Abstract. Tuberous sclerosis (TS), neurological disorder
manifesting with the formation of tumors in numerous
organ systems, is a disease associated with the upregulation
of mammalian target of rapamycin (mTOR) pathway. It has
been found that in healthy individuals two tumor suppressor
genes, TSCI and TSC2, encoding proteins called hamartin
and tuberin, respectively, are responsible for the control over
mTOR kinase. Loss of one of these genes constitutes the
genetic background of TS. In the current study, we aimed at
evaluating the fitness of the only TS-associated sarcoma
cell line deposited in American Tissue Culture Collection,
TSC2angl, for the in vitro studies on TS. We found that
the line shows a stable chromosome pattern with typical
Robertsonian translocations. Similarly to primary tumors
from TS patients, TSC2ang1 cells respond to rapamycin-
induced mTOR inhibition. The cells demonstrate activation
of both Akt and Erk pathways, but inhibition of neither of
them is as effective as mTOR suppression when considering
proliferation potential. Based on these results we propose
TSC2angl as a good and stable model for pathophysiological
and pharmacological studies on skin lesions in TS.

Introduction

Tuberous sclerosis (TS), an autosomal dominant genetic
disease, is caused by mutation of one of two tumor suppressor
proteins: hamartin (TSC1) or tuberin (TSC2) (1,2). TSC1 and
TSC2 form an intercellular protein complex with GTPase-
activating properties towards a small G protein Rheb (Ras
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protein enriched in brain). It has been established that TSC2
can be phosphorylated by two kinases, Akt/PKB (protein
kinase B) and Erk (extracellular signal-regulated protein
kinase), and that these phosphorylations are deactivating
(34), leading to suppression of TSC1/TSC2 complex activity
towards Rheb (reviewed in refs. 5,6). In turn, Rheb in its active
form activates mTOR (mammalian target of rapamycin).
mTOR is responsible for control of translation of a large
portion of intracellular proteins, including those participating
in the promotion of cell cycle, such as cyclin D1 or ornithine
decarboxylase (7,8). Thus, active mTOR 1is often associated
with cell cycle progression and oncogenic transformation of
cells (9).

Inactivating second-hit mutations in 7SCI or TSC2 have
been found in numerous types of TS-associated tumors (10-13),
but most authors agree that such mutations cannot be found
in the brain (14-16). Thus, current research concentrates on
answering the question: how can mTOR be hyperactive in
the presence of wild-type hamartin and tuberin. One of the
potential mechanisms relates to their post-translational
inactivation by protein kinases such as Akt/PKB or Erk.
There are several reports on hyperactivation of Akt/PKB or
Erk in human TS samples (3,17,18).

TS is a natural model for evaluating the influence of mTOR
on cellular processes. However, scant availability of biopsy
material from TS patients encourages to look for other
sources of cells with disturbed mTOR-signaling. So far there
is no good in vitro model of TS. Pharmacological research is
performed in knock-out mice or Eker rats (TSC2+"), while
in vitro assays, because of the lack of established cell lines
from patients, utilize animal lines, however, no consensus as
to which is the most reliable system has been reached. In an
attempt to study TS, a murine model of the disease has been
developed using gene targeting approach (19). As homozygous
Tsc2 mutations are embryonic lethal, T'sc2* mice were used
in this case. Tsc2* animals are characterized by the
development of renal, liver, lung and extremity tumors,
although their pregnancy survival is normal. Angiosarcomas
appearing on the extremities of the mice, one of the types of
tumors present in 7sc2*- animals, were seen in ~7% of cases.
Histologically they were classified as invasive sarcomas
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characterized by slow growth and no distant metastases. A
relatively low growth rate and no conversion to pathological
malignancy resemble the same type of lesions appearing in
TS-affected humans. Thus, a cell line (called TSC2ang1) has
been established from one of the angiosarcomas of Tsc2+~
mice.

As TSC2angl is currently the only TS-associated line
available in American Tissue Culture Collection and the
cells have not been characterized morphologically or
functionally, we decided to evaluate their fitness for studies of
TS-associated pathologies. Our main goal was to determine the
effect of Akt/PKB and Erk activation on cell proliferation, as
these two kinases are thought to drive tumor growth in TS-
associated pathologies. Using phospho-specific antibodies,
detecting active, phosphorylated forms of kinases, we also
studied the response of TSC2angl to Akt/PKB and Erk
inhibition. In addition, we evaluated the chromosome
stability of the line.

Materials and methods

Cell culture. TSC2angl, CHO (Chinese hamster ovary)
and SW 480 (human colorectal adenocarcinoma) cells (all
from ATCC) were cultured in Dulbecco modified Eagle's
medium supplemented with 10% heat-inactivated FBS, 2 mM
L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin
(all from Invitrogen, Carlsbad, CA) in 5% CO, at 37°C. Cells
were passaged by trypsinization whenever they reached
confluence, for no more than 15 times.

Cell proliferation assays. TSC2angl cells were seeded onto
24-well plates at a density of 100,000 per well in DMEM with
10% FCS, in triplicate. After 24 h (day 0), when all cultures
were in expotential phase of growth, 100 nM wortmannin,
20 nM rapamycin, 10 xuM U0126 or 50 uM PD98059 were
added to respective wells. Cells were cultured with replacement
of medium and inhibitors every 24 h to minimize possible
degradation of drugs. Two cell lines CHO and SW 480 treated
in the same manner served as controls. After 72 h from the
first administration of drugs, medium was discarded and cells
were washed with PBS (phosphate-buffered saline), then
were stained with 0.1% crystal violet in 30% methanol. After
10 min of staining wells were rinsed carefully 3 times with tap
water and air-dried. The following day stained cells were
lysed with 2% Triton X-100 (Sigma-Aldrich, St. Louis, MO)
and absorbance was read at 540 nm in an ELISA plate reader
(SLT Labinstruments, Salzburg, Austria). The proliferation test
was repeated 3 times. Results are presented as a ratio of
absorbance of treated samples to the absorbance of untreated
control.

Protein isolation and Western blotting. Cells were washed in
PBS and homogenized with RIPA lysis buffer (20 mM Tris
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, | mM EDTA, 0.1% SDS) with 50 mM sodium
fluoride and 1 mM sodium orthovanadate, supplemented with
1X Complete protease inhibitor (Roche, Indianapolis, IN) and
Phosphatase inhibitor cocktail I (Sigma-Aldrich). Lysates
were stored at -80°C. For Western blotting, 20 ug of protein
from each sample were subjected to SDS PAGE. Afterwards,
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Figure 1. Typical pattern of chromosomes in the TSC2ang] cell line.

the proteins from gels were transferred onto PVDF membranes.
Equal protein loading was verified with Poceau S, then
membranes were washed and blocked with 5% non-fat milk
in TBST. Next, the blots were subjected to primary and
secondary, HRP-conjugated, antibodies and proteins of
interest were visualized by West-Pico chemiluminescence
detection kit (Pierce, Rockford, IL).

Antibodies. Antibodies against: phospho-S6K1, phospho-
4E-BP1, phospho-Erk, phospho-RSK1, phospho-Akt, total
Akt, total Erk, and secondary antibodies were purchased from
Cell Signaling Technologies (Beverly, MA). Anti-hamartin
polyclonal antibody (Santa Cruz Biotechnology, CA) was
directed against 300-amino acid N-terminal region of human
hamartin and anti-tuberin monoclonal antibody (Novocastra,
Newcastle upon Tyne, UK) was directed against 240 amino
acid N-terminal region of human tuberin.

Karyotyping. Exponentially growing TSC2angl cells were
incubated with colcemid (0.5 #g/10 ml of medium) at 37°C
for 2 h. Cells were harvested by trypsinization and treated with
0.075 KCI at 37°C for 15 min. After fixation in methanol-
acetic acid solution the cells were spotted onto slides, air-dried
and stained with 10% Giemsa solution. The chromosome
number was calculated in 50 metaphase plates.

Results

Karyotype. A typical karyotype of TSC2angl cells is shown
in Fig. 1. The median number of chromosomes was 71+4.
The arithmetic mean of the chromosome number was 70.73
(SD =+ 1.73). One Robertsonian translocation (RT), typical for
mouse species, was found in 48% of metaphasal plates, while
two RTs were found in 6% of plates.

U0126 efficiently suppresses Erk activation in TSC2angl. As
we have recently shown (17) Erk activation is associated
with at least two types of TS-derived tumors (renal angiomyo-
lipoma, AML, and subependymal giant cell astrocytoma,
SEGA). Two commercially available MEK1/2 inhibitors,
U0126 and PD98059, were tested in a preliminary experiment
(data not shown). At the manufacturer's recommended doses
U0126 had a stronger inhibiting effect on Erk activation,
hence we studied U0126 in greater detail. While determining
the efficiency of U0126 to suppress Erk activation in
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Figure 2. Erk inactivation by U0126, a Mek1/2 inhibitor. Cells were incubated
for 3 or 20 h in the presence of different U0126 concentrations. Equal
protein loading was confirmed by total-Erk antibody reaction. MEK inhibition
results in hypophosphorylation of Erk on tyrosine 204. Lack of effect of Erk
inhibition on mTOR pathway is shown by equal 4E-BP1 phosphorylation
(at S65/T70).

TSC2angl we noted high sensitivity of these cells to this
inhibitor administrated even at low concentrations (Fig. 2).
After 3 h of incubation, the concentration as low as 2 uM
was able to completely abolish Erk activation. On the other
hand, when incubation time was extended to 20 h, even the
highest evaluated U0126 concentration of 10 yM did not
completely suppress phosphorylation of Erk. At the same
time, we noted that even complete Erk inhibition did not
influence phosphorylation of 4E-BP1, one of the mTOR
targets, controlling translation initiation of numerous
proteins, including those triggering cell cycle progression.

Wortmannin inhibits PI3K more selectively than LY294002.
PI3K inhibitors, such as LY294002 and wortmannin, act
selectively on the Akt pathway only at a certain concentration,
above which they display unspecific, off-target effects (20).
Thus, we tested these inhibitors at several concentrations to
determine the appropriate dose. Wortmannin was able to
suppress effectively phosphorylation of Akt by ~90% of its
control activity, only in its highest concentration (100 nM),
the optimal concentration of LY294002 was 25 uM (Fig. 3).
Higher concentrations of LY294002 (50 M), were not only
unselective, but also toxic. We noted, that at this concentration
of LY294002, TSC2 protein was undetectable in the lysates
due to unknown mechanisms. Since LY294002 at high doses
has been also shown to interact directly with mTOR and
inhibit its activity (20,21), in order to prevent this
phenomenon from influencing our results, we decided to use
only wortmannin in further experiments.

mTOR, Akt and Erk inhibitors affect proliferation of
TSC2angl, CHO and SW480. In order to assess whether Akt
or Erk is a kinase driving proliferation of cells, we compared
the effect of Akt, Erk and mTOR inhibition in TSC2angl,
CHO and SW480 cells. The proliferative potential of the latter
two had been shown before to be controlled by Akt or Erk,
respectively (22,23). Although U0126 seems to be a better
inhibitor of Erk than PD98059, since their mode of action is
different, we included both drugs in this study. To find out
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Figure 3. Effects of LY294002 and wortmannin on Akt activation in
TSC2angl cells. Cells were starved for 24 h in serum-free DMEM and
then incubated for 3 h with respective inhibitor concentration. Next, 10%
FBS was added and proteins were harvested. Activation of Erk by its
phosphorylation on Y204 served as control for the specificity of inhibition.
Levels of both proteins forming the tuberous sclerosis complex, TSC1 and
TSC2, were also determined. Additional protein lysates were used as
control: LS-1, cell line derived from TS-associated human subependymal
giant cell astrocytoma; HEK 293, human embryonic kidney cell line; S-1,
cell lysate from TS-associated human subependymal giant cell astrocytoma.

whether the inhibition of targeted pathways affects mTOR,
we determined this by Western blot phosphorylation of S6K 1
kinase (on T389) which had been reported to be phos-
phorylated by active mTOR (24) (Fig. 4A). In all tested cells
U0126 and, to a lesser extent, PD98059 inhibited Erk
phosphorylation, with no effect on the activity of mTOR,
which was determined by S6K1 phosphorylation on threonine
389. At the same time wortmannin strongly influenced S6K1
phosphorylation on this residue, which can explain its strong
anti-proliferative activity in all three cell lines (see Fig. 4B).
Erk inhibition in TSC2angl upon U0126 and PD98059
administration did not significantly decrease proliferation of
TSC2angl. On the other hand, rapamycin was a very potent
inhibitor of growth for these cells. Growth arrest was also
observed in two other cell lines treated with rapamycin, but to
a lesser extent.

Discussion

Basic research aiming ultimately at TS treatment is mainly
based on animal and cellular studies. Due to ethical and
economic reasons, animal (mouse and rat) models should
only be used in advanced stages of studies, while cellular
systems are needed to screen effectiveness of new drugs. In
the current study, we evaluated the fitness of the TSC2+ cell
line TSC2angl from mouse sarcoma, the only commercially
available TS-related cell line, that could be used for the
studies on pathophysiology of TS, as well as for measuring
the effect of novel drugs. The first research using this cell
line was performed by Govindarajan et al in 2003 (25). The
authors observed high levels of active Erk and showed that
introduction of a dominant-negative MEK led to decreased
tumorigenesis of the line in vivo. In another study, Ma et al
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Figure 4. Effect of optimal concentrations of inhibitors of Akt (100 nM wortmannin), Erk (50 M PD98059, 10 M U0126) and mTOR (20 nM rapamycin)
was analyzed by Western blot (A) and proliferation assay (B) as described in Materials and methods. Mean values of one of three independent experiments in

triplicate are shown. Error bars represent standard error.

(26) evaluated tumorigenic potential of TSC2angl line upon
transfection with wild-type TSC2, TSC28664A/S540A (pnon-
phosphorylable by Erk) or TSC25664D/S540D (posphorylation-
mimicking mutant). Cells were cultured in soft agar or
injected into athymic mice. In both assays only Erk-non-
phosphorylable mutant decreased the tomorigenic potential
of the line. However, until now, there have been no reports
on other pathways engaged in these cells which could
determine validity of the cell line as a model of tumors
developing in TS.

Tumor development in TS is usually triggered by a second-
hit genetic event, most often loss of heterozygosity (LOH) for
the affected gene. However, there are TS-associated tumors
which remain heterozygous. Brain and some heart lesions are
commonly such cases. Although the first hit was evident in
the TSC2angl cells, for they were derived from an animal in
which one TSC2 locus was replaced with NEO-cassette, the
second allele remained intact, as indicated by tuberin (TSC2)
expression (Fig. 3). Therefore, a different mechanism must
underlie neoplastic transformation of these cells.

In a recent research that we performed on TS-associated
SEGAs (17) we determined that proliferation potential of
tumor cells is driven by Erk. This kinase has been shown to
activate eukaryotic translation initiation factor 4B (eIlF4B)
in the mTOR-dependent and -independent manner (27).

Cells derived from SEGA were not only Erk-hyperactivated,
but also were very resistant to Erk inhibitors, even in high
concentrations. Nevertheless, even low degree of Erk inhibition
led to marked decrease of proliferation rate. TSC2angl line
demonstrates different profile of activation. Erk phosphory-
lation in TSC2ang] is not as potent as in SEGAs and is easily
abolished by both Erk inhibitors, U0126 and PD98059. As
expected, the line responds eagerly to rapamycin, a selective
mTOR inhibitor. At the same time, two control cell lines,
known to be Akt or Erk-dependent, were tested. In both cases
rapamycin did not suppress cell growth to such level as it
was in the case of TSC2angl cells. In all cells 100 nM dose
of wortmannin had significant effect on cell proliferation. We
speculate, that off-target effect of this inhibitor could play a
role in this setting, as it is in the case of limfoblastoid cells
(20). Since the targets of wortmannin, PI3K and mTOR are
structurally related (28) it is likely, that in high doses this
molecule inhibits both kinases, similarly to LY294002. This
could explain why Erk-driven SW480 cells were partially
inhibited by wortmannin.

Although preliminary evaluation of two MEK/Erk
inhibitors pointed to U0126 as the more effective molecule,
in the proliferation test we employed both drugs. Their mode
of action is different (PD98059 prevents activation of MEK,
while U0126 inhibits activated form of this kinase) therefore
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parallel usage of two such molecules additionally validates
our results. As the proliferation of ki-Ras-driven SW480 cells
dropped to 20% when U0126 was administered in the recom-
mended dose of 10 yM, 50 uM PD98059 decreased this ratio
to ~50%. At the same time, these drugs had only a very modest
effect on the growth of CHO and TSC2angl (both ~75% of
control). These results argue, that TSC2angl cells, although
engaging the MEK/Erk pathway, do not depend on it as
much as on mTOR. The latter one, when inhibited with
rapamycin, completely abolished their proliferation.
Although this was expected, since rapamycin was effectively
used in TS in the first clinical trials to reduce the size of
tumors (29), this result proves the validity of this line as the
model of mTOR hyperactivation, such as one found in skin
lesions developing in TS patients.

Although there are differences in the drug response
pattern of TSC2angl and primary cells derived from TS-
related brain tumors, they can be explained by at least two
facts. Firstly, SEGAs and skin lesions demonstrate different
proliferation potential. SEGA growth may disturb the flow of
the cerebrospinal fluid, which is a common cause of their
excision, and may even metastasize (30), skin lesions in TS
are stable and their cells do not form tumors. Secondly,
inactivating 7SC/ and 7SC2 mutations appear in most other
types of TS-associated lesions, but not in the brain or heart
(10,13). Thus, we think that in SEGAs haploinsufficiency
resulting from mutation of only one allele of 7SCI or TSC2
may be supplemented by Erk activation, and that only this
combination of events leads to tumor progression. On the
other hand, according to our recent experiments performed
on TS-associated skin lesion samples (unpublished data),
this type of lesions may not carry Erk hyperactivation and
thus, may behave less aggressively. From this point of view,
it seems that TSC2angl may be a good model for studying
skin lesions found in TS.

Autonomous growth of the TSC2angl cell line is
evidenced by its polyploidisation. As previously reported
(31,32), rodent cell lines with a diploid or nearly diploid
chromosome number do not have the ability of autonomous
growth, and require e.g. growing on feeder layers. Karyotyping
of TSC2angl shows that the model number of chromosomes
is 71. We did not find differences in the number of chromo-
somes in early and late passages (data not shown), thus, it
seems that the rate of polyploidy, and thus, the cell line, is
stable. Therefore, we conclude, that TSC2ang1 cells can be a
useful model in TS-related research especially for those patho-
logies, where loss of heterozygosity for TSC2 is not found.
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