
ORIGINAL ARTICLE

Tsc1-Tp53 loss induces mesothelioma in mice, and evidence
for this mechanism in human mesothelioma
Y Guo1, LR Chirieac2, R Bueno3, H Pass4, W Wu1, IA Malinowska1 and DJ Kwiatkowski1

Mesothelioma is diagnosed in B2500 patients in the United States every year, most often arising in the pleural space, but also
occurring as primary peritoneal mesothelioma. The vast majority of patients with mesothelioma die of their disease within 3 years.
We developed a new mouse model of mesothelioma by bladder or intraperitoneal injection of adenovirus Cre into mice with
conditional alleles of each of Tp53 and Tsc1. Such mice began to develop malignant ascites about 6 months after injection, which
was due to peritoneal mesothelioma, on the basis of tumor morphology and immunohistochemical staining. Mesothelioma cell
lines were established, which showed loss of both Tsc1 and Tp53, with mammalian target of rapamycin complex (mTORC)1
activation. Treatment of mice with malignant ascites due to mesothelioma with rapamycin led to a marked reduction in ascites,
extended survival and a 95–99% reduction in the mesothelioma tumor volume, in comparison with vehicle-treated mice. To see
whether TSC1/TSC2 loss was a common genetic event in human mesothelioma, we examined nine human mesothelioma cell lines,
and found that four of nine showed persistent activation of mTORC1, although none had loss of TSC1 or TSC2. A tissue microarray
analysis of 198 human mesothelioma specimens showed that 33% of cases had reduced TSC2 expression and 60% showed
activation of mTOR, indicating that mTOR activation is common in human mesothelioma, suggesting that it is a potential
therapeutic target.
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INTRODUCTION
Mesothelioma is estimated to occur in about 2500 people in the
United States every year, most often as malignant pleural
mesothelioma, but also arising in the peritoneum, pericardium
and tunica vaginalis testis.1,2 Malignant pleural mesothelioma
presents mainly in men over 60 years of age, and is strongly
associated with asbestos exposure. Surgery is associated with
improved survival in selected early-stage patients with malignant
pleural mesothelioma. However, the vast majority of patients with
mesothelioma experience progressive disease, and median overall
survival of patients with malignant pleural mesothelioma is about
1 year. Thus, there is an urgent clinical need for more effective
therapy. The first-line regimen of pemetrexed cisplatin is
considered standard treatment for fit patients, and was reported
to increase survival by B3 months, from 9.3 to 12.1 months, in
comparison with cisplatin alone in a randomized trial.3 However,
relapses are invariable, and second line therapies are generally of
limited benefit, although multiple novel therapeutic approaches
are being pursued including PI3K inhibitors.

Tuberous sclerosis (TSC) is an autosomal dominant tumor
suppressor gene syndrome, due to mutations in either TSC1
encoding the protein harmartin or TSC2 encoding the protein
tuberin.4 Although classic malignancy is not a feature of this
disease, there are several progressive tumor conditions that occur
in TSC, and can be fatal, including cardiac rhabdomyoma, cerebral
giant cell astrocytomas, renal angiomyolipomas and pulmonary
lymphangioleiomyomatosis. In addition, TSC1 or TSC2 mutations

have recently been identified at significant frequency in
pancreatic neuroendocrine tumors,5 bladder cancer6 and
PEComa,7,8 and are seen rarely in a variety of malignancies
analyzed in the Cancer Genome Atlas, for example, squamous cell
lung cancer.9 Both TSC-associated and TSC-independent cancers
with mutation in TSC1 or TSC2 have shown dramatic responses to
everolimus treatment in some cases.8,10,11

We have recently discovered that the concurrent loss of Tsc1
and Tp53 from the abdominal peritoneum in mice leads to
consistent development of peritoneal mesothelioma, which is
dramatically responsive to treatment with rapamycin. We then
analyzed a set of mesothelioma cell lines and a mesothelioma
TMA to find that although there were no cell lines with loss of
TSC1 or TSC2, a sizeable fraction of mesothelioma samples had
reduced TSC2 expression with concordant activation of mamma-
lian target of rapamycin complex (mTORC)1, similar to previous
studies.12,13

These observations suggest that mTOR inhibitors may have
therapeutic benefit in mesothelioma.

RESULTS
Loss of Tsc1 and Tp53 in mice by bladder injection leads to
peritoneal mesothelioma
In our initial experiments, we sought to induce a Tsc1-mutant
bladder cancer model in mice, as TSC1 is known to be mutated in
about 10% of bladder cancers, by injection of adenovirus Cre
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(AdCre) into the bladders of mice that had various combinations
of homozygous conditional alleles of each of Tsc1 and Tp53: wild
type, Tsc1cc, Tp53cc, Tsc1ccTp53cc. Following injection of AdCre
(2� 109 p.f.u.) at 2–3 months of age, Tsc1ccTp53cc mice did well for
several months but then started to die at 6 months after AdCre
injection, with a median survival of 10.2 months (Figure 1a).
Although some of these mice died suddenly, others were noted to
have abdominal swelling with intraperitoneal (IP) fluid (ascites) for
1–2 weeks before death or humane euthanasia. Many fewer mice
of the other three genotypes displayed early mortality
(P¼ 0.0003), and none developed ascites before sudden death
(Figure 1a and Table 1).

Necropsy analysis of the AdCre-injected Tsc1ccTp53cc mice
demonstrated that they had no significant pathology in the
bladder, rather they often had hemorrhagic ascites along with
uneven deposits of apparent cancer on multiple peritoneal
surfaces. Pathological analysis demonstrated that there was a
malignant tumor unevenly distributed on all of the peritoneal
surfaces (including the bladder, kidney, spleen, liver and
intestines), without evidence of a primary site, and limited local
invasion of other abdominal structures. Histologically, the tumors
looked most similar to epithelioid mesothelioma (Figure 1b).
Immunohistochemistry (IHC) staining with mesothelioma markers

(calretinin, WT-1, AE1/AE3 and D2–40) showed multiple regions of
positivity in the tumors strongly suggesting that these tumors are
peritoneal mesothelioma (Figure 1c).

We sought to confirm that these mesotheliomas had occurred
due to concurrent loss of Tsc1 and Tp53. TSC1 normally occurs in
cells in a complex with TSC2, and TSC1 loss generally leads to

Figure 1. Survival and mesothelioma development in Tsc1ccTp53cc mice in response to bladder injection of AdCre. (a) Survival curve of mice of
various genotypes following bladder injection of AdCre. Note the markedly reduced survival of Tsc1ccTp53cc mice in comparison with other
genotypes (P¼ 0.0003). (b) Histology of mesotheliomas generated in Tsc1ccTp53cc mice. (c) IHC staining of mesothelioma seen on the
peritoneal surface of various organs using antibodies against WT-1, AE1/AE3, D2–40 and calretinin.

Table 1. Histopathology of mice with AdCre bladder injection

AdCre bladder p53ww/
TSC1ww

p53cc/
TSC1cc

p53ww/
TSC1cc

p53cc/
TSC1ww

Total 13 26 23 22
Death 1 (8%) 15 (58%) 4 (17%) 4 (18%)
Mesothelioma 0 16 (73%)b 0 0
Unknown cause
of deatha

1 4 4 4

Abbreviations: AdCre, adenovirus Cre; TSC, tuberous sclerosis. aNote that
many mice that died were not found soon after death, so necropsy could
not be performed to determine the cause of death. b16 (73%) reflects
the fraction of mice in which the presence of mesothelioma could be
assessed (22).
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markedly reduced TSC2 protein levels. As a reliable Tsc1 antibody
for IHC is lacking, we performed Tsc2 IHC staining, which we have
shown previously is consistently reduced when Tsc1 expression is
lost.14 Tsc2 expression was absent in these mesothelioma, in
contrast to normal structures, whereas phospho-S6(S235/236)
staining was strong in the mesothelioma (Figures 2a and b), as
seen in many other pathological conditions with the loss of TSC1/
TSC2 leading to high level activation of mTORC1.

Hence, our tentative conclusion at this stage was that the
Tsc1ccTp53cc mice, which had received the bladder injection of
AdCre, had developed mesothelioma after a delay of 6–12
months, likely due to leakage of small amounts of virus from
the bladder at the time of the surgical injection procedure,
causing recombination and loss of both Tsc1 and Tp53 in the
peritoneal mesothelium.

Tumor cell lines generated from the malignant ascites express
mesothelioma markers
Examination of aspirates of ascites from adenovirus-Cre-injected
Tsc1ccTp53cc mice demonstrated the presence of tumor cell clusters
(Figure 3a). Tumor cell lines were derived from several ascites
samples, and showed reactivity with antibodies against calretinin
and AE1/AE3 (Figure 3b), providing further evidence that the
tumors were mesothelioma. Immunoblot analysis of three indivi-
dual mesothelioma cell lines demonstrated the absence of Tsc1 and
Tp53 expression, reduced expression of Tsc2 and activation of
mTORC1, as shown by persistent expression of pS6(S240/244) and
pS6K(T389) in the absence of serum (Figure 3d). The three
mesothelioma cell lines also showed a lack of AKT activation
(reduced pAKT(S473)) after serum stimulation, consistent with
negative feedback inhibition due to chronic mTORC1 activation.
These findings are similar to what we and others have seen
previously in cultures of murine embryo fibroblasts derived from
Tsc1� /� and Tsc2� /� embryos (Figure 3d, right). We also
confirmed that the cultured mesothelioma cells had undergone
recombination at the Tsc1 and Tp53 loci (Figure 3c).

Rapamycin inhibited mesothelioma tumor growth in vitro and
in vivo
As rapamycin allosterically inhibits mTORC1 through FKBP12 and
is active in multiple murine model systems of tumors in which

Tsc1 or Tsc2 is lost,15,16 we examined the therapeutic benefit of
rapamycin for the mesotheliomas developing in this model. Three
Tsc1ccTp53cc mice that were identified with malignant ascites were
subjected to IP fluid removal and cytological analysis to confirm
that they had developed mesothelioma. Two were treated with
rapamycin IP at 3 mg/kg given three times per week for 5 weeks,
starting the day after ascites was removed and mesothelioma
diagnosed (Figure 4a). The third mouse was treated with vehicle
injections on the same schedule. Ascites quickly recurred with
weight gain in the vehicle-treated mouse, which died of
mesothelioma within 2 weeks (Figure 4a). However, the body
weight of mice treated with rapamycin declined by 5 weeks of
treatment. The two treated mice were examined at necropsy. They
showed no ascites and limited amounts of residual tumor nodules
that were largely fibrotic (Figure 4b). Quantitative assessment on
the basis of histology showed a 495% reduction in mesothelioma
volume in the treated mice.

IHC analysis demonstrated that the residual mesothelioma
tumor nodules from the treated mice had persistent expression of
WT-1, but markedly reduced expression of calretinin, pS6(S235/
236) and proliferating cell nuclear antigen, and had evidence of
apoptosis in some cases (Figure 4d).

Thus, overall, rapamycin was dramatically effective in rescuing
survival, eliminating ascites, and reducing mesothelioma extent
and viability when given to the adenovirus-Cre-injected
Tsc1ccTp53cc mice by IP injection 3 days per week.

IP injection of AdCre in Tsc1ccTp53cc mice also leads to
mesothelioma
As described above, we hypothesized that mesothelioma devel-
oped in these mice due to leakage of adenovirus-Cre at the time
of bladder injection. To examine this hypothesis, we performed IP
injection of adenovirus-Cre at 50% of the bladder injection dose
(109 p.f.u.) into a separate cohort of mice with similar combina-
tions of individual and both conditional alleles of Tsc1 and Tp53.
We observed a similar time course of survival and development of
ascites, as what was seen after the bladder injection in
Tsc1ccTp53cc mice (Figure 5a). Despite using a lower dose of
adenovirus-Cre, the median survival was 8.5 months (1.7 months
less than bladder-injected mice), and a larger proportion of
Tsc1ccTp53cc mice (89%) died during 1 year of follow-up after IP

Figure 2. IHC analysis of TSC2 and pS6 in Cre-induced mesothelioma of Tsc1ccTp53cc mice. (a, b) Hematoxylin and eosin (H&E) sections and IHC
staining of TSC2 and pS6(S235/S236) in mesothelioma and adjacent organs are shown at � 10 and � 20, respectively.
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injection in comparison with the bladder injection. Mesothelioma
was documented in 85% of the Cre IP-injected Tsc1ccTp53cc mice
(Figure 5a, Supplementary Figure 1, Table 2). Hence, these
observations provide strong support for our hypothesis for the
mechanism of mesothelioma induction following bladder
injection.

We also repeated the rapamycin treatment experiments on the
Tsc1ccTp53cc mice with mesothelioma owing to IP injection of
adenovirus-Cre. Five Tsc1ccTp53cc mice that developed ascites
were tapped for drainage and cytological analysis to confirm the
presence of mesothelioma. As before, the single mouse that
received vehicle injection after the initial drainage rapidly
regained weight with evidence of ascites, and survived for only
2 weeks. In contrast, all the mice treated with rapamycin IP 3 mg/kg
3 days per week showed persistent and continuing loss of weight,
indicative of therapeutic effect (Figure 5b). In addition, when
analyzed after 5 weeks of treatment, there was a dramatic
reduction in tumor volume, with only small residual foci with
extensive fibrosis, with an overall reduction in tumor volume of
about 98% (Figure 5c, Supplementary Figure 1).

Therefore, the IP injection model also displays marked in vivo
sensitivity to rapamycin treatment.

Role of TSC1/TSC in human mesothelioma
The above observations indicated an important role for Tsc1 (and
likely Tsc2 as well, as they function as a complex) in the
development of mesothelioma in the mouse. Therefore, we
investigated whether TSC1/TSC2 loss occurs in human
mesothelioma.

We first analyzed nine mesothelioma cell lines by immuno-
blotting of cell lysates. All nine cell lines demonstrated expression
of both TSC1 and TSC2. However, there was evidence of
constitutive activation of mTORC1 in the absence of serum in
four of the nine cell lines: H2591, H2595, H2596 and Met5A; with
high levels of pS6K(T389), pS6(S240/244) and p4EBP1(S65). In
addition, three of these four cell lines also showed evidence of
AKT activation in the absence of serum with persistent
pAKT(S473). These results suggested that the growth of these
cell lines might be sensitive to inhibition of mTOR. For this
purpose, we used the ATP-competitive inhibitor Torin1, as it
effectively blocks the kinase activity of both mTORC1 and mTORC2
and thereby reduces AKT activation.17 All nine of the cell lines
showed sensitivity to Torin1 with IC50sp300 nM, and for three of
the lines the IC50 was p50 nM. As loss of other tumor suppressor
genes are also known to regulate AKT and mTOR activation in cells

Figure 3. Analysis of mesothelioma cell lines generated from malignant ascites of Cre-treated Tsc1ccTp53cc mice. (a) Cytological preparations
demonstrate mesothelioma cell clusters in malignant ascites of Cre-treated Tsc1ccTp53cc mice. Cytospins were stained for pS6(S235/S236)
(brown) and counterstained with hematoxylin (blue). (b) Expression of calretinin and AE1/AE3 by mouse mesothelioma cell lines generated
from ascites. (c) Genotyping at the Tsc1 and Tp53 loci on two mouse mesothelioma cell lines and two control DNA samples. Note the
predominance of the k or knockout allele in the Tsc1 genotyping, and marked reduction in the conditional allele in the Tp53 genotyping, for
each of the mesothelioma cell lines, indicative of recombination at both genes. (d) Immunoblot analysis of three mouse mesothelioma cell
lines in comparison with wild type (WT), Tsc1� /� or Tsc2� /� murine embryo fibroblast (MEF) cell lines after 48 h of serum starvation (� ) or
30min after serum addback following serum starvation (þ ). Note the absence of Tsc1 and Tp53 in the mesothelioma cell lines; reduced
expression of Tsc2; persistent high levels of pS6K(T389) and pS6(S240/S244) without serum; and reduced pAKT(S473) levels following serum
addback for the mesothelioma lines. The WT MEF line shows a normal signaling pattern after serum addback.
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through upstream mechanisms,18 we also investigated expression
of neurofibromatosis 2 (NF2), phosphatase and tensin homolog
(PTEN) and LKB1. PTEN and LKB1 were expressed at similar levels
in all cell lines (Figure 6c). Five of nine cell lines showed no

expression of NF2, consistent with previous results.19,20 However,
lack of NF2 expression did not correlate either with mTORC1
activation, AKT activation or Torin1 sensitivity (Figure 6c). We also
examined the prevalence of TP53 mutation in these nine lines and

Figure 4. Rapamycin rescued survival and reduced malignant ascites in Cre-induced mesothelioma of Tsc1ccTp53cc mice. (a) Body weight of
Cre-treated Tsc1ccTp53cc mice following aspiration of ascites on day 1. Two mice were treated with rapamycin 3mg/kg IP 3 days per week
(Rapa #1, Rapa #2), whereas one mouse received vehicle. (b) H&E stains of residual mesothelioma nodules in vehicle- and rapamycin-treated
mice. (c) Mesothelioma tumor volume in vehicle- and rapamycin-treated mice. (d) H&E and IHC stains for WT-1, calretinin, pS6(S235/236),
apoptag and proliferating cell nuclear antigen (PCNA) for vehicle- and rapamycin-treated mice.

Figure 5. Survival and response to rapamycin treatment of Tsc1ccTp53cc mice following IP injection of AdCre. (a) The survival curve of mice of
various genotypes following IP injection of AdCre. Note the markedly reduced survival of Tsc1ccTp53cc mice in comparison with other
genotypes (Po0.0001). (b) Body weight of IP Cre-treated Tsc1ccTp53cc mice following aspiration of ascites on day 1. Four mice were treated
with rapamycin 3mg/kg IP 3 days per week (Rapa #1—Rapa #4), whereas one mouse received vehicle. (c) Mesothelioma tumor volume in
vehicle- and rapamycin-treated mice. The average and s.e.m. are shown for the four rapamycin-treated mice.
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found that two of them, H2452 and H2461, had mutations in TP53,
c.817delCGTGTTTG and c.C817T, p.R273C, respectively. This did
not correlate with expression levels of TP53 as determined by
immunoblotting (Figure 6a).

As this analysis was performed on a relatively small number of
mesothelioma cell lines, we then performed IHC analysis of a
tissue microarray (TMA) of 198 mesothelioma cases from our
institution (BWH). As described above, we used the antibody
against TSC2 to identify cases in which there was reduced
expression/inactivation of either TSC1 or TSC2. We screened for
mTORC1 activation by analysis of pS6(S235/236) levels.18 The IHC
intensity for each sample was determined by a blinded observer
(LC) on a qualitative scale of 0–2, with 0 as undetectable; 1 as
weak positive staining; and 2 as positive staining (Figure 7a).
Reduced IHC staining for TSC2 was seen in 33% of cases, whereas
positive staining for pS6(S235/236) was present in 60% of cases
(Figure 7b). There was a trend toward an association of high
pS6(S235/S236) staining with reduced TSC2 staining (P¼ 0.0867),
suggesting that there was a predicted relationship between those
two phenomena in vivo in these tumors before resection.
Furthermore, the reduced expression of TSC2 that was seen
suggests that genetic, epigenetic or other mechanisms may lead
to reduced TSC1/TSC2 expression in vivo in mesothelioma and
contribute to its pathogenesis. The frequent (19%) high level
expression of pS6(S235/S236) also suggests that mTORC1 activa-
tion is present in vivo in mesothelioma.

DISCUSSION
Several previous studies have delineated an important role for AKT
signaling in mesothelioma development. An initial study by
JR Testa and lab members showed that pAKT(S473) levels were
detectible in 17 of 26 (65%) human mesothelioma specimens by
IHC staining and correlated with p-mTOR(S2448) levels.13 Further,
pAKT(S473) levels were also shown to be increased in both murine
and human mesothelioma cell lines under standard culture
conditions, but were sharply reduced with overnight serum
withdrawal, suggesting that growth factor stimulation was
required for AKT activation and that it was not due to some
intrinsic or genetic defect in AKT regulation or in upstream
regulation, such as PIK3CA mutation or PTEN loss.13 Several
studies have characterized the activation of AKT and expression of
PTEN by mesothelioma cell lines. Overall, in these studies, PTEN
loss is seen in about 10% of mesothelioma cell lines.13,21,22

Although other studies have reported a higher loss of PTEN
expression (62% of 206 cases) in mesothelioma by IHC,23 it is
possible that fixation or other artifacts explain this discordancy.

Furthermore, several studies have shown that hepatocyte
growth factor (HGF)-MET, epidermal growth factor receptor and
insulin-like growth factor 1 receptor signaling are all important

upstream stimulators of AKT activation in mesothelioma.13,21,24,25

However, mesothelioma spheroid studies have shown that tumor
resistance to apoptosis induction and chemotherapy was
significantly reduced by co-treatment with rapamcyin and not
PI3K inhibitors.26 This was interpreted as suggesting that mTOR
was a critical mediator of survival signaling in mesothelioma, and
was independent of AKT.

Here we demonstrate that concurrent loss of Tp53 and Tsc1 in
mesothelial cells leads to consistent development of malignant
peritoneal mesothelioma in mice. This cancer is aggressive,
invading local structures widely in the peritoneum, causes
development of malignant ascites in about half of cases, and is
associated with premature mortality (Figure 1). Although our initial
experiments were done with the bladder injection of AdCre in an
attempt to generate a Tsc1-mutant model of bladder cancer, we
then showed that similar and somewhat more consistent
pathological and clinical phenotypes were seen when AdCre
was delivered directly to the peritoneum by IP injection. It is
noteworthy that loss of either Tp53 or Tsc1 alone by similar means
led to a much lower rate of early mortality, and none of the mice
with single gene loss developed malignant ascites, suggesting
that mortality may have been due to another cause, possibly a
different type of malignancy.

Rapamycin showed striking benefit in the treatment of this
malignant mesothelioma with near complete response following
5 weeks of treatment. We used a treatment schedule that was well
tolerated and that we have shown previously gives persistent
therapeutic levels.27 This dramatic response is consistent with the
response to rapamycin seen in multiple other tumor models
involving loss of either Tsc1 or Tsc2, in which a similar near 99%
reduction in tumor volume is seen.15,16 In addition, rapamycin is
highly effective in a variety of brain models of TSC in which Tsc1 or
Tsc2 is lost in various brain cells, with marked improvement in
phenotype, elimination of seizures and improved survival.
Similarly, dramatic responses to rapamycin or everolimus have
been reported in a small number of human PEComas,8,10 in which
TSC2 mutations are very common and are in a single case of a
bladder cancer with a TSC1 mutation.11

Our studies on human mesothelioma cell lines demonstrated
that there is robust AKT phosphorylation in response to serum in
seven of nine lines, and that there is a significant persistent AKT
phosphorylation in the absence of serum for 48 h in three of nine
lines. Eight of these lines were derived from human mesothelioma
directly, whereas the Met5A line was derived by SV40 transduction
into primary mesothelial cells.28 This constitutive AKT activation
suggests that there is some pathological driver abnormality
(genetic or otherwise) in these three cell lines. However, our
immunoblotting experiments suggest that this is not due to loss
of TSC1, TSC2, PTEN, LKB1 or NF2. Furthermore, activation of
mTORC1 is seen in the absence of serum in four of the nine cell
lines, and also does not correlate with the loss of any of the tumor
suppressor genes listed above. It is particularly striking that there
is no apparent correlation between NF2 loss and mTORC1
activation in these cell lines, in contrast to a previous report in
mesothelioma and studies in meningeal cells.29,30 This may be due
to the complex pattern of genetic changes present in these
mesothelioma cell lines, which is as yet unknown. Further
investigation is needed. However, it is noteworthy that previous
studies have also reported a high frequency of mTORC1 activation
in human mesothelioma cell lines.22

Overall, our studies suggest that loss of Tp53 and Tsc1 are critical
gatekeeper mutations that enable mesothelial proliferation and
mesothelioma development in the mouse. Although we found no
direct evidence of loss of TSC1 or TSC2 in the nine human
mesothelioma cell lines available to us, we did find reduced TSC2
expression in our mesothelioma TMA, which matched partially with
high pS6(S235/S236) levels, evidence of mTORC1 activation. These
observations suggest that activation of this pathway occurs

Table 2. Histopathology of mice with AdCre IP injection

AdCre IP p53ww/
TSC1ww

p53cc/
TSC1cc

p53ww/
TSC1cc

p53cc/
TSC1ww

Total 18 27 23 12
Death 0 24 (89%) 4 (17%) 1 (8%)
Mesothelioma 0 17 (85%)b 0 0
Unknown cause
of deatha

0 7 4 1

Abbreviations: AdCre, adenovirus Cre; IP, intraperitoneal; TSC, tuberous
sclerosis. aNote that many mice that died were not found soon after death,
so necropsy could not be performed to determine the cause of death. b17
(85%) reflects the fraction of mice in which the presence of mesothelioma
could be assessed (20).
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frequently in vivo in mesothelioma. Furthermore, temsirolimus, a
rapamycin analog, was reported to have major benefit in the
treatment of a human mesothelioma xenograft model system in
immune-deficient mice, with a reduction of median tumor volume
of 79% after 38 days of treatment.22 The ATP-competitive inhibitor
Torin1 showed strong activity in the nine mesothelioma cell lines

studied (Figure 6b), and it is possible that inhibitors of that
pharmacological class will exhibit superior in vivo efficacy in
comparison with the rapamycin family of allosteric mTOR inhibitors.
In addition, combination therapy directed at other signaling
pathways or in combination with conventional chemotherapy
agents may also have greater benefit.

Figure 6. AKT and mTORC1 activation, and response to Torin1 in human mesothelioma cell lines. (a) Immunoblot analysis of human
mesothelioma cell lines after 48 h of serum starvation (� ) or 30min after serum addback following serum starvation (þ ), for multiple
components of the AKT–mTOR signaling pathway. Note the high pS6K(T389), pS6(S240/244) and p4EBP1(S65) levels in serum starvation
conditions for lines H2591, H2595, H2596 and Met5A. Presence or absence of mutation in TP53 as assessed by PCR sequencing of exons 5–9 is
shown at the bottom. H2452 had c.817delCGTGTTTG, and H2461 had c.C817T, p.R273C. (b) IC50 concentration of mTOR inhibitor Torin1 for
nine human mesothelioma cell lines. (c,d) Immunoblot analysis of human mesothelioma cell lines following treatment with mTOR inhibitors
10 nM rapamycin or 100 nM Torin1 for 24 h. Note the reduction in pAKT(S473) in all lines when treated with Torin1, and the absence of NF2 in
five of the lines.
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MATERIALS AND METHODS
Human samples
Pleural diffuse mesothelioma samples were available as discard samples
from patients undergoing surgical resection at the Brigham and Women’s
Hospital. Consent was obtained from each patient, and the study was
approved by the Partners Human Research Committee.

Mice and drug treatments
All procedures were carried out in accordance with the Guide for the
Humane Use and Care of Laboratory Animals, and the study was approved
by the Animal Care and Use Committee of Children’s Hospital, Boston. Tsc1
conditional allele mice, denoted Tsc1cc, were originally derived in this
laboratory.31 Tp53cc mice were provided by Yuko Fujiwara and Stuart Orkin,
and were described in Marino et al.32 Mice were euthanized when they
displayed massive abdominal swelling, weight loss, inability to move or
eat, or signs of distress.

AdCre was purchased from University of Iowa Vector Core Facility.
Bladder injection was done as described.33 Briefly, following anesthesia
and shaving, a 1-cm midline incision was made in the lower anterior
abdomen of male mice of age 2–3 months. The bladder was identified, and
urine was removed by syringe. Ten microlitres of an AdCre mixture
containing 2� 109 p.f.u. was injected into the bladder. The syringe was
removed, the abdominal wall incision was closed with 5.0 silk sutures and
the skin was closed with wound clips.

Rapamycin was purchased from LC Laboratories (Woburn, MA, USA). A
20-mg/ml stock was made using ethanol, and mixed daily for injection
with sterile vehicle (0.25% polyethylene glycol-200, 0.25% Tween-80). Mice
were treated with rapamycin by IP injection at 3 mg/kg three times per
week for up to 5 weeks. Control mice received the vehicle solution IP on
the same schedule.

Reagents
Torin1 was generously provided by Nathanael Gray (Dana Farber Cancer
Institute, Boston, MA, USA). Cell culture media Dulbecco’s modified Eagle’s
medium was from Cellgro (Manassas, VA, USA) and supplements were
from Invitrogen (Carlsbad, CA, USA).

Cell culture
Nine human mesothelioma cell lines (H2373, H2452, H2461, H2591, H2595,
H2596, HP-1, HP-3 and Met5A) were described previously,34 and were

grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin-amphotericin B in an
incubator at 37 1C in 5% CO2. For serum starvation, cells were cultured in
the absence of serum for 48 h.

Mouse mesothelioma cell lines were derived from malignant ascites of
mice following bladder injection of AdCre. When mice gained several
grams of weight within 2 days and abdominal distention was obvious,
ascites fluid was removed by aspiration with a 27 G gauge needle. The
ascites fluid was plated on a 10-cm cell culture dish with medium
(Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum and 1%
penicillin-streptomycin-amphotericin B) overnight. The next day, cells were
washed twice with sterile Dulbecco’s phosphate-buffered saline and fresh
medium was added, and cultures of mesothelioma grew without further
manipulation.

Immunoblotting
Cells were collected in lysis buffer consisting of 50 mM Tris–HCl (pH 7.5),
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM ethylene glycol
tetra acetic acid and a cocktail of protease inhibitors (Sigma-Aldrich,
St. Louis, MO, USA). Cell lysates were clarified by centrifugation for 5 min
and the protein concentration of the supernatants was determined
using a modified Bradford assay (Bio-Rad, Hercules, CA, USA). For
immunoblotting, 20 mg of protein was loaded in each lane, and was
separated by SDS–polyacrylamide gel electrophoresis on 4–12% gradient
gels (Invitrogen), transferred to polyvinylidene fluoride membranes and
detected by immunoblotting with the following primary antibodies:
TSC1, p53, pAKT(S473), AKT, pS6(S240/244), S6, p4EBP1(S65), 4EBP1, NF2,
PTEN, LKB1, pS6K(T389), S6K (Cell Signaling Technology, Danvers, MA,
USA); TSC2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Goat anti-
mouse and anti-rabbit secondary antibodies (Santa Cruz Biotechnology)
conjugated to horseradish peroxidase were used at a 1:3000 dilution
and immunoreactive bands were detected by chemiluminescence
(SuperSignal, Pierce, Rockford, IL, USA) and film (Denville Scientific,
South Plainfield, NJ, USA).

IC50 determination
Two thousand cells were plated per well in 96-well plates and cultured
overnight. One day later, Torin1 was added in serial dilutions to final
concentration (FC) 10mM–1.5 nM. After 48 h of culture, 20 ml CellTiter-Glo
(1:1 in phosphate-buffered saline; Promega, Madison, WI, USA) was added,
the plates were shaken and read in a Synergy HT Multi-Mode Microplate

Figure 7. TSC2 loss and mTOR activation in a human mesothelioma TMA. (a) Examples of the three grades of staining (0, 1 and 2) seen for
TSC2 and pS6(S235/236) by IHC on a mesothelioma TMA. (b) Pie graph of TSC2 and pS6 staining scores on mesothelioma TMA. (c) Bar graph
showing relative enrichment for reduced TSC2 staining among mesotheliomas with high pS6(S235/S236), P¼ 0.0867.
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Reader (BioTek, Winooski, VT, USA) with software Gen5 1.09 at room
temperature. The IC50 was determined utilizing XLfit4.0 software from
IDBS (Guildford, UK).

Histology and tumor assessment in mice
Microscopic mesothelioma tumor volumes were determined in a
semiquantitative fashion by a single blinded observer (YG). Whole mounts
of the abdominal contents of mice were prepared in the histology lab by a
technician without knowledge of the study. Hematoxylin and eosin-stained
8-m sections were prepared, and each tumor nodule was measured to
determine its length and width. These measurements were converted into
a measurement of tumor volume per lesion using the following formula:
volume¼ 0.86� (tumor length� tumor width)1.5.15 The total tumor
volume per mouse was then equal to the sum of the tumor volume of
each lesion identified. Comparisons between sets of mice for tumor
measurements were made using the non-parametric Mann–Whitney test
in Prism (GraphPad Software, Inc., La Jolla, CA, USA, v4.0a).

Immunohistochemistry
Eight micrometer paraffin sections were deparaffinized with xylene and
alcohol series, treated with Target Retrieval Solution pH 6.1 (Dako,
Carpinteria, CA, USA), blocked with 3% H2O2 in methanol and then put
in 5% normal goat serum in 0.1% Triton X in phosphate-buffered saline.
Sections were incubated with primary antibodies overnight at 4 1C, washed
and incubated with secondary antibody conjugated with horseradish
peroxidase. DAB Chromogen solution (Envisionþ System; Dako) was then
applied to generate a color reaction. Slides were then counterstained with
hematoxylin (Dako). Antibodies used for staining were: anti-pS6 (S235/236;
1:100, Cell Signaling, Beverly, MA, USA), TSC2 (1:100, Cell Signaling),
calretinin (1:100, Abgent, San Diego, CA, USA), WT-1 (1: 200, Santa Cruz
Biotech, Santa Cruz, CA, USA) and AE1/AE3 (cytokeratin 5, 6; 1:100, EMD
Millipore, Billerica, MA, USA). Proliferating cell nuclear antigen staining was
done according to the protocol of HistoMouse-Plus kit (Life Technologies
Invitrogen, Grand Island, NY, USA). Hematoxylin was used as a counterstain
and an adjacent section was stained with hematoxylin and eosin.

TMA analysis
A mesothelioma TMA was generated as described previously using tumor
and normal specimens from resected patients with pleural mesothelioma
as well as control tissues.35 IHC scores of the TMA after staining for
expression of TSC2 and pS6 were determined in a semiquantitative
fashion by a pulmonary oncological pathologist (LRC). The intensity of the
staining was determined according to the intensity of staining, with 0 as
undetectable; 1 as weak positive staining; and 2 as strong positive
staining.

Statistical analysis
Quantitative data are reported as the mean±s.e.m. from at least three
independent experiments. The means for various treatment groups were
compared using the analysis of variance (ANOVA) and Dunnett’s post hoc
test.
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