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Numerous studies have established a causal link between aberrant mammalian target of rapamycin (mTOR)
activation and tumorigenesis, indicating that mTOR inhibition may have therapeutic potential. In this study,
we show that rapamycin and its analogs activate the MAPK pathway in human cancer, in what represents a
novel mMTORC1-MAPK feedback loop. We found that tumor samples from patients with biopsy-accessible
solid tumors of advanced disease treated with RAD001, a rapamycin derivative, showed an administration
schedule-dependent increase in activation of the MAPK pathway. RAD001 treatment also led to MAPK activa-
tion in a mouse model of prostate cancer. We further show that rapamycin-induced MAPK activation occurs
in both normal cells and cancer cells lines and that this feedback loop depends on an S6K-PI3K-Ras pathway.
Significantly, pharmacological inhibition of the MAPK pathway enhanced the antitumoral effect of mMTORC1
inhibition by rapamycin in cancer cells in vitro and in a xenograft mouse model. Taken together, our findings
identify MAPK activation as a consequence of mTORC1 inhibition and underscore the potential of a combined
therapeutic approach with mTORC1 and MAPK inhibitors, currently employed as single agents in the clinic,

for the treatment of human cancers.

Introduction

Mammalian target of rapamycin (mTOR) integrates various
cues, including growth factors, nutrients, energy, and stress, to
regulate protein synthesis, cell growth and proliferation, early
development, and memory, under physiological conditions (1).
Recent studies have demonstrated that mTOR signals through 2
distinct complexes. As part of the mTORC1 complex, the mTOR
protein senses the presence of growth factors and nutrients and
orchestrates protein translation by regulating p70S6K and 4EBP1.
mTORCI is composed of regulatory-associated protein of mTOR
(RAPTOR), mLST8 (also known as GBL), and proline-rich AKT
substrate of 40 kDa (PRAS40). While RAPTOR positively regulates
mTOR, PRAS40 acts as an inhibitor of mTOR kinase activity in
a phosphorylation-dependent manner (2). mTORCI function is
tightly regulated by the PI3K-AKT and MAPK signaling pathways,
through the function of the tuberous sclerosis complex 2 (TSC2)
(3-6), which associates with TSC1 and controls mTORCI1 by pro-
moting the GTPase activity of the mTOR activator Rheb. Thus,
TSC2 acts as a sensor of both PI3K-AKT and RAS-MAPK activa-

Nonstandard abbreviations used: MEF, mouse embryonic fibroblast; mTOR, mam-
malian target of rapamycin; RTK, receptor tyrosine kinase; TSC2, tuberous sclerosis
complex 2.
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tion, hallmarks of many cancers. Furthermore, aberrantly high
mTOR activity appears to play a causal role in various cancers and
hamartoma syndromes (7, 8), in which the function of the TSC
complex is compromised.

On the contrary, when associated with the mTORC2 complex,
mTOR senses growth factors but not nutrients. Together with
mLST8, rapamycin-insensitive companion of mTOR (RICTOR),
SIN1, and protor are defining components of the mTORC2
complex (2, 9). This complex was recently recognized as the long-
sought PDK2, which leads to the full activation of the AKT kinase
via phosphorylation at Ser473 (10).

mTOR kinase was named as the target of rapamycin, a macro-
lide antibiotic produced by Streptomyces hygroscopicus. Rapamycin
acts selectively on the mTORC1 complex through binding to
FKBP12, without affecting mTORC?2 (2). The ability of rapamy-
cin to inhibit mTORC1 prompted the development of different
clinical trials geared to block the progression of malignancies in
which mTOR activation is a key component. Encouraged by the
therapeutic potential, several pharmaceutical companies are now
actively developing and evaluating mTORC]1 inhibitors, includ-
ing the rapamycin derivatives CCI-779 (Wyeth), AP23573 (ARIAD
Pharmaceuticals Inc.), and RADOO1 (everolimus; Novartis AG),
in clinical trials as anticancer drugs. To date, rapamycin and its
derivatives exhibit considerable antitumor activity against spe-
cific tumors including renal cell carcinoma, mantle cell lympho-
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Schematic representation of the administration schedules in the clinical trial with RAD0O1.
Patients included in the trial were subjected to a first surgery for the obtention of the tumor
biopsy (pre-treatment). Later, daily or weekly RAD0O01 was administered for 4 weeks and

the post-treatment biopsy obtained for analysis.

ma, endometrial cancers (11), and TSC-associated benign tumors
(12), while the clinical benefit for other tumors has yet to be fully
determined despite efficient block of mTOR activity. For instance,
response rates with CCI-779 in breast cancer and neuroendocrine
carcinoma were consistently lower than 10% and administration of
RADOO1 or AP23573 as single agents in patients with various types
of sarcoma also yielded a low efficacy (11), whereas a recent study
associated the potential efficacy of rapamycin-induced mTOR
inhibition with a reduction of tumor cell proliferation in a Phase I
trial with PTEN-deficient glioblastoma patients (13).

Overall, rapamycin clinical trials performed in the absence of
molecular and genetic stratification have turned out to be less
successful than expected. A potential mechanism of resistance to
mTORCI inhibitors came about by the discovery of a negative feed-
back loop in which mTORCI inhibition leads to AKT activation
through upregulation of receptor tyrosine kinases (RTKs, or sub-
strates) such as PDGFRs (14, 15) and IRS-1 (16, 17). The relevance of
this feedback is underscored by its existence in cancer patients (18).

To date, abrogation of the negative feedback loop by mTORC1
inhibitors has only been demonstrated to influence PI3K-AKT
signaling, whereas the impact of mTORC1 inhibition in other
prosurvival pathways has not been addressed. Here we report
that mTORC1 inhibition leads to the activation of the ERK/
MAPK (which we will refer to as “MAPK”) cascade in a cohort
of patients with metastatic disease
who had undergone therapy with
RADO01. Moreover, feedback signal-
ing to MAPK is evident in a variety of
cancer cell lines and primary cultures

Table 1

with RAD0O01. To elucidate factors that compro-
mise the efficacy of rapamycin anticancer ther-
apy, we examined tumor biopsies from patients
with metastatic cancer that were subjected to
RADO0O01 treatment in a Phase I tumor pharma-
codynamic study. The treatment protocol for
this study allowed for histological and molecu-
lar analysis of tumor samples before and after
treatment. The trial consisted of 2 different
treatment protocols (Figure 1): 2 continuous
daily doses (5 to 10 mg) of RAD001 and weekly doses (50 to 70 mg)
of RADO001 in patients with biopsy-accessible solid tumors. Paired
tumor tissue samples were collected just prior to drug administra-
tion and 4 weeks after the initiation of the treatment (Figure 1).
For the purpose of our study, we included a total of 10 cancer
patients with breast (8 patients), melanoma (1 patient), or colon
(1 patient) tumors (Table 1).

In both treatment groups, mTOR activity was ablated, as
previously reported (determined by phosphorylation of RpS6,
a downstream effector of mTOR; ref. 19). Surprisingly, immuno-
histochemical analysis of tumor samples from RADOO1-treated
patients identified a robust activation of the MAPK pathway, as
measured by Thr202/Tyr204 phosphorylated ERK (p-ERK) levels.
To avoid experimenter bias, immunohistochemical analysis was
conducted by a pathologist blinded to the therapy status and the
dose. We found that 50% of the patients (P = 0.025) subjected to
RADOO1 treatment exhibited a marked increase in ERK phosphor-
ylation after therapy (Table 1). When patients were further strati-
fied by administration schedule, a striking difference in MAPK
activation was observed. Of patients who received the weekly high
dose of RAD001 administration (50 to 70 mg), 100% exhibited
increased ERK activation in tumor cells (P = 0.014) (Table 1 and
Figure 2, A, B, and D). In contrast, of the 6 patients who received a
low daily dose (5 to 10 mg), only 1 (16%; P = 0.4) showed increased

Day 21 Day27

Characteristics of the patients included in the clinical trial

after rapamycin treatment as well as Patient  Type of Locaion  RADOO1  Schedule p-ERK p-ERK
. tumor dose (mg) pre-treatment  post-treatment
in a mouse model of prostate cancer . )
driven by Pten inactivation treated A Breast Sk!n 50 Weekly - +

. . BA Breast Skin 70 Weekly ++/-B ++
with RAD001. Mechanistically, our .

AR cA Breast Skin 70 Weekly + ++
results suggest that ERK activation is DA Breast Skin 50 Weekly _ ++
mediated by an S6K-PI3K-Ras signal- E Breast Skin 5 Daily _ _
ing pathway. Finally, we show that the F Breast Skin 5 Daily ++ ++
combination of mMTORC1 and MAPK GA Breast Skin 5 Daily ¥ +/+4C
inhibitors improves the growth inhib- H Breast Skin 5 Daily - -
itory effect of rapamycin in vitro and, I Melanoma  Lymph node 10 Daily + +
more interestingly, that PD0325901 J Colon Liver Mx 10 Daily + +

(an MEK1/2 inhibitor) enhances the
antitumoral action of RADO0O1 in
vivo. Together these results provide
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APatient showed increased p-ERK at post-treatment biopsy. BSome tumor cell clusters were strongly posi-
tive; all others were weakly positive to negative. STumor cells were weakly positive; normal glands were
strongly positive. Mx, metastasis. —, negative; +, weakly positive; ++, strongly positive.

Volume 118~ Number9  September 2008



research article

Figure 2

Phosphorylation of ERK in human cancer specimens
upon RADOO1 treatment. (A—C) p-ERK immunostaining
in breast cancer patients before and after the treatment
with RADOO1. Tumor cells are indicated by arrows or
circles. Original magnification, x40. (D) Percentage of
patients with MAPK activation after RAD0O1 treatment,
as measured by ERK phosphorylation, in the 2 different
administration schedules.

tal Figure 1; supplemental materials available online
with this article; doi:10.1172/JCI34739DS1). These
results substantiate the data obtained in the clinical
trial with RADOO1, thereby providing further evi-
dence that mTORCI1 inhibition leads to the activa-
tion of MAPK in vivo.

MAPK activation by rapamycin involves an S6K-negative
feedback loop signaling to PI3K-Ras pathways. In order to
determine the nature of the activation of MAPK by
mTORCI1 inhibition, we verified the existence of this
signaling circuit in a panel of cells in culture, includ-
ing primary mouse embryonic fibroblasts (MEFs),
breast, or bladder cancer cell lines (Figure 4A and
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p-ERK staining. However, elevated p-ERK in this patient was only
observed in normal glands (eccrine sweat glands) rather than in
tumor cells (Table 1 and Figure 2, C and D). These data provide
evidence that anticancer therapy with mTORCI inhibitors can
lead to activation of the MAPK pathway, thus adding a new level of
complexity to the recently described negative feedback loop involv-
ing mTORC1 (18). Furthermore, our data imply that mTORC1
inhibition can elicit a differential MAPK activation that depends
on the specific dose and administration schedule.

RADO001 activates MAPK in a mouse model of prostate cancer. To cor-
roborate the data obtained from our clinical trial, we analyzed the
response of the MAPK pathway to daily high-dose RAD0O01 treat-
ment (10 mg/kg/d; the maximum tolerated dose) in mouse pros-
tate tumors arising from conditional inactivation of Pten. As shown
in Figure 3, RADO0O1 treatment produced a significant increase of
ERK phosphorylation in Pten-null prostates in which mTORC1
was inhibited (as measured by RpS6 phosphorylation; Supplemen-
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Supplemental Figure 2). More interestingly, we
observed that cells with overactive PI3K signaling dis-
played an increased MAPK activation upon rapamy-
cin administration (Figure 4A). To test the existence
of this feedback genetically, we generated MEFs har-
boring loxP-flanked mTor alleles, for which retroviral
Cre delivery would lead to mTor genetic inactivation.
Strikingly, the deletion of mMTOR resulted in activated
ERK, whereas phosphorylation of AKT at Ser473 was
inhibited (Figure 4B) as a result of mTORC2 abla-
tion (reviewed in ref. 2). These results indicate that
loss of mTOR function (whether through pharmaco-
logical inhibition or genetic deletion) has an impact
on MAPK activation status with no requirement of
mTORC2, AKT, or targets downstream of AKT.

We next sought to determine the mechanism of
mTORCI1 inhibition-dependent ERK activation
through the examination of its upstream regula-
tors. Two lines of evidence demonstrated that the
Ras-Rafl pathway is essential for the activation of
ERK as a result of either pharmacological or genetic inhibition of
mTORCIL. First, we observed that rapamycin induced phosphory-
lation of Ser338-Raf1 (Figure 4C) and that the MEK1/2 inhibi-
tor UO126 abrogated rapamycin-dependent ERK activation (Fig-
ure 4D). Second, the expression of a dominant-negative mutant
of Ras (N17) allowed us to confirm that Ras activity is essential
for rapamycin-induced ERK phosphorylation (Figure 4E). These
results demonstrate that rapamycin-mediated mTORC1 inhibi-
tion involves the Ras-Raf1-MEK1/2-ERK pathway.

To provide further mechanistic insight into Ras-MAPK activa-
tion, we examined the pathways previously shown to be under the
control of mMTORC1. Our previous results showing the activation
of ERK in mTor-deficient cells (Figure 4B) suggest that factors
downstream of mTORC2, such as AKT, TSC1/2, or Rheb, are not
required for the activation of MAPK by rapamycin. To evaluate a
possible role for PDGFRs in the induction of p-ERK, we analyzed
the expression of these receptors in the breast cancer cell lines
Volume 118 3067
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used for this study. PDGFRB was below the level of detection by
western blot analysis, while PDGFRA was only detected in BT549
cells (Supplemental Figure 3A). We did not observe differences in
PDGFRA expression upon rapamycin treatment of this cell line
(Supplemental Figure 3B). These data suggest that, at least in this
model system, induction of PDGFRs is not likely to provide expla-
nation for the activation of MAPK by rapamycin.

Next, we investigated the role of a well-established S6K-medi-
ated negative feedback loop (16). The overexpression of an mTOR-
insensitive and constitutively active form of S6K1
(HASG6K1 E389 D3A) was able to reduce rapamy-

Figure 3

RADOQO1 treatment leads to MAPK activation in Pten-null prostate con-
ditional mice. (A) p-ERK immunostaining in Pten-null mouse prostates
treated with vehicle or RADOO1 for 4 weeks. A representative area is
shown. n = 3 mice per group. (B) Quantification of p-ERK staining in
hot spots (high—p-ERK areas). **P < 0.01 compared with vehicle treat-
ment. Error bars indicate SD.

MAPK pathway is under the negative regulation by mTORC1
(Figure 5C). We subsequently inhibited PI3K pharmacologically
to test its role in rapamycin signaling to MAPK. PI3K inhibition
by LY294002 reduced rapamycin-mediated ERK activation (Figure
5D). Furthermore, in the context of MAPK activation by insulin,
preincubation with an irreversible inhibitor of PI3K (wortmannin)
was able to reduce rapamycin-induced ERK activation, thereby
pointing out the involvement of PI3K in insulin-dependent MAPK
activation (Figure SE). Taken together, our results define a new
S6K-1-PI3K-mediated feedback loop that culminates in the nega-
tive regulation of MAPK.

Pharmacological inhibition of MAPK enhances the antitumoral action
of rapamycin. The identification a rapamycin-induced activation
of MAPK prompted us to pursue the potential therapeutic ben-
efit of combinatorial therapy with MEK1/2 (the direct upstream
activator of ERK) and mTORC1 inhibitors. To examine the abil-
ity of these drug families to inhibit cell growth, we treated cells
with single agents or the combination of both drugs and analyzed
growth. While both rapamycin and UO126 slowed cell growth
when used as single agents, their combination had an additive
effect, producing a nearly complete growth inhibition (Figure 6A
and Supplemental Figure 4). Importantly, this effect was associ-

cin-mediated ERK activation (Figure SA), suggest- g WT  Pten Tsco B mTOR c
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(10 uM, 24 h) on ERK and RpS6 phosphorylation in
MCF7 cells (n = 3). (E) ERK and RpS6 phosphoryla-
tion in MCF7 transfected for 24 hours with an empty
vector (mock) or a dominant-negative form of Ras
(RasN'7) and treated with rapamycin (20 nM, 24 h;
n = 3). Numbers indicate the ratio of the phosphorylated
protein related to total protein levels.
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ated with the abrogation of the feedback response (Figure 4D and
Supplemental Figure 4). We next examined the mechanisms by
which growth was inhibited in MCF?7 cells and found that, while
autophagic and apoptotic responses were almost undetectable and
did not vary between different treatments (<1%; Supplemental Fig-
ure 5), cell proliferation (as measured by BrdU incorporation) was
significantly reduced by single agent treatment. Importantly, drug
combination led to a further decrease in the percentage of prolif-
erating cells (Figure 6B).

These results led us to hypothesize that the effect of mTORC1
in cancer inhibition in vivo could be enhanced by pharmacologi-
cal blockade of the MAPK pathway. Thus we decided to test the
cooperativity of RAD001 and PD0325901 (an MEK1/2 inhibitor
already being tested in clinic and well characterized in mice; refs.
20-22) in a preclinical study of heterotopic tumor generation using
immunocompromised (Nude) mice. First we verified that UO126
and PD0325901 exerted similar effects in vitro alone and in com-
bination with rapamycin. PD0325901 in vitro at 100 nM inhibited
ERK phosphorylation (Supplemental Figure 6A), blunted the feed-
back activation of the kinase by mTORC1 inhibition (Supplemen-
tal Figure 6B), and enhanced the cytostatic effect of rapamycin
(Supplemental Figure 6C) with no significant changes in apoptosis
(data not shown). We then established an administration schedule
that allowed the use of the maximum dose of compounds without
signs of toxicity. Administration of RAD001 (10 mg/kg/treatment)
or PD0325901 (15 mg/kg/treatment) alone every other day was
able to inhibit tumor growth (Figure 7, A and B), and combination
treatment led to an additive effect, in line with our previous results.
Immunohistochemical analysis of the tumors revealed that the
combination therapy led to mTORC]1 inhibition (Figure 7C) with
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rapamycin (20 nM, 24 h) and/or PI3K inhibitor
LY294002 (10 uM, 24 h) on AKT, ERK, and
RpS6 phosphorylation in MCF7 cells (n = 3).
(E) AKT, ERK, and RpS6 phosphorylation sta-
tus in starved (24 h, 0.1% FBS) MCF7 cells
preincubated with DMSO or wortmannin (500
nM, 45 min) and stimulated with insulin (100,
200, and 400 nM; n = 3). Numbers indicate the
ratio of phosphorylated protein related to total
protein levels.

concomitant abrogation of the MAPK feedback (Figure 7D). More-
over, the analysis of the tumors subjected to each treatment showed
that PD0325901 produced a predominantly apoptotic effect (Fig-
ure 7, E and G) with a minimal effect on proliferation (Figure 7, F
and G), while RAD001 was predominantly cytostatic (reduced pro-
liferation; Figure 7, F and G) with no apoptosis induction (Figure
7, E and G). Interestingly, combination therapy resulted in both
decreased proliferation and elevated levels of apoptosis (Figure 7,
E-G). Collectively, the results presented here highlight the effective-
ness of concomitant inhibition of mMTORC1 and MAPK, which may
have relevant therapeutic implications.

Discussion

To our knowledge, this study is the first to demonstrate that
mTORCI1 inhibition can activate MAPK in vitro, in vivo using
mouse models, and, most importantly, in cancer patients. Our
findings have important implications for cancer therapy because
they provide a further explanation for the limited benefit observed
in clinical trials utilizing rapamycin analogs as single agents
and exemplify how the efficacy of mTORCI inhibitors could be
improved in the treatment of human cancer. It was predicted that
tumors with hyperactive mTORC1 would be extremely sensitive
to mTOR inhibition. However, the discovery of an mTORC1-PI3K
feedback loop (15-18), and now the identification of what is to
our knowledge a previously undescribed negative feedback loop
regulating MAPK signaling raises the question of whether this
dual feedback loop may be detrimental to the efficacy of rapamy-
cin and its analogs in cancer therapy. In line with this idea, our
results suggest that tumor cells may be more prone to activate the
MAPK pathway upon mTORC1 inhibition compared with nor-
Volume 118 3069
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UO126-treated cells. Error bars indicate SD.

mal cells, probably due to a higher basal mTORC1 activity. Hence,
the development of clinical trials with such targeted therapeutic
agents should proceed with caution and be mindful of the impact
on other signaling cascades owing to the complex nature of the
mTOR signaling network. Moreover, an important implication of
our findings is that appropriate patient stratification based on the
altered oncogenic pathways is very much needed for more effective
antitumoral use of these compounds.

Recently the consequence of mTORCI inhibition on PI3K
pathway was unraveled as an extremely relevant and novel sig-
naling circuit by which mTORC1 activity affects growth, nutri-
ent uptake, and cancer progression (2). Numerous links have
been reported to connect the targets and regulators of mMTORC1
with PI3K activation status. First, mMTORC1 inhibition increases
the levels and activity of the adaptor protein IRS-1 (18). The
mTORC1-mediated IRS-1-negative regulation relies on its tar-
get S6K1. This negative feedback loop has been directly related
to the indolence of some types of cancers by ourselves (23) and
others (24), suggesting that tumors with aberrant mTORC1 acti-
vation (such as those harboring heterozygous Tsc2 mutations)
may in turn display reduced PI3K-AKT activity. Second, Zhang
and collaborators have shown that the activation of mTORC1
regulates the expression of PDGFRs and that rapamycin treat-
ment restores PDGFR levels and therefore PI3K signaling (14,
15). Third, the proximal mTORCI activator Rheb has been impli-
cated in the direct interaction and inhibition of B-Raf and Rafl
(25-27), which highlights the complexity of the connections
between mTORCI, PI3K, and MAPK pathways.

Our data demonstrate that, in conditions of mMTORC1 inhibi-
tion, Ras is activated and signals to MAPK. This activation relies
on the relief of the brake on PI3K triggered by S6K1, but not on
mTORC2, AKT, or its downstream components nor on PDGFR
upregulation. Similarly, acute PI3K activation induced by insulin/
IGF-1 also promotes robust ERK activation, an effect that, inter-
estingly, is enhanced by rapamycin. Several reports have suggested
the existence of a cross-talk between Ras-MAPK and PI3K-AKT
pathways. Ras has been reported to bind to and activate PI3K (28,
29), and recent studies from our lab have shown that the MAPK
pathway regulates the activation of mMTORCI1 through TSC2 phos-
3070
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phorylation (5, 30). On the other hand, low concentrations of EGF
(31) can drive Ras activation through PI3K, which may result from
the ability of PIP; to recruit GAP/Shp2 (32). Furthermore, PI3K
inhibitors such as the cytokine f-galactosidase binding protein
(BGBP) can suppress MAPK signaling (33). Through our identifi-
cation of yet another feedback loop stemming from mTORC1, we
now integrate this PI3K/MAPK cross-talk into the mTOR signal-
ing network. We propose that mTORCI1 inhibition increases RTK/
IRS-1/PI3K activity toward Ras/MAPK, therefore promoting both
AKT activation and ERK phosphorylation in what constitutes a
dual feedback mechanism (Figure 8).

In turn, these findings provide the rationale for a combination
of MAPK and mTORCI1 inhibitors in the treatment of cancer and
show that these agents cooperate to enhance the effectiveness of
each compound alone (Figure 8). In theory, RTK, IRS-1, or PI3K
inhibition in combination with rapamycin analogs should prove
to be very effective because it would abrogate the activation of
the dual feedback (Figure 8). In fact, PI3K and mTORC1 inhibi-
tion has been shown to act synergistically in different cancer cell
types such as T cell leukemia (34, 35), acute myeloid leukemia
(36), and glioma (37). Unfortunately, pharmacological blockade
of PI3K in the clinic has been ineffective thus far, while novel
and more specific inhibitors (derivatives of LY294002 and wort-
mannin) are being evaluated in preclinical trials (38). Moreover,
several recent studies have shown that RTK (39-41) or IRS-1
signaling inhibition (42) enhances the effect of rapamycin. This
strategy is being translated into diverse clinical trials exploiting
the combination of RTK inhibitors (trastuzumab, erlotinib) and
rapamycin analogs (sirolimus) in breast and renal cell carcinoma
and glioblastoma. On the other hand, MEK inhibitors such as
PD0325901 and ARRY-142886 are currently being tested in the
clinic with promising results (21). Thus, the combination of MEK
and mTORCI inhibitors could prove very effective, as it would
allow the inhibition of mMTORC1 without MAPK feedback activa-
tion. In line with this idea, our data demonstrate that MEK1/2
inhibition enhances the antitumoral activity of rapamycin in
vitro and, more importantly, in vivo. Whether the 2 drug agents
interact to inhibit cell proliferation or to induce apoptosis (or
both) seems to vary depending on cues differentially present in
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Figure 7

Antitumoral action of combined mTORC1 and MAPK inhibition in vivo. (A) Growth curves of MCF7 tumor xenografts induced in Nude immu-
nocompromised mice. Bar graph shows the tumor growth of RAD001-, PD0325901-, or RAD001+PD0325901-treated tumors at day 10 com-
pared with the size at the beginning of the treatment. A representative picture of the tumors at the time of harvesting (day 10) is shown; n = 4.
(B) Weight of tumors subjected to each treatment at the time of the harvest (day 10); n = 4. (C—F) Representative immunostaining of p-RpS6
(C), p-ERK (D), H&E and TUNEL (central inset; E), and Ki-67 (F) of tumors from each experimental group; n = 4. Insets show representative
positive staining. Original magnification, x200 (C—F), x800 (insets). Arrows indicate apoptotic areas; asterisk indicate nonproliferative areas. C,
RADO001+PD0325901; P, PD0325901; R, RADO0O01; V, vehicle. (G) Quantification of the effect of the different treatments on apoptosis/necrosis
(% of apoptotic/necrotic area; n = 3 tumors quantified per group) and proliferation (Ki-67 positivity; >350 total cells counted per tumor; n = 3).
**P < 0.01 compared with vehicle-treated mice; *P < 0.05 and #*P < 0.01 compared with RAD0O1-treated mice; $P < 0.05 and %P < 0.01 com-
pared with PD0325901-treated mice. Error bars indicate SD.

vitro and in vivo. Further analysis will provide insights into the
molecular nature of the observed context-dependent outcomes.
In addition, an accompanying study by Kinkade and colleagues
demonstrated that the combinatorial use of this class of com-
pounds exerts a potent antitumoral effect in a preclinical mouse
model of prostate cancer (43). The dual feedback loop identified
here further unravels the complex pathways involved in the resis-
tance to mTORCI1-blocking drugs and provides a rationale for
using combinatorial therapy with MAPK inhibitors.
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Methods

Cell culture and reagents. UO126, LY294002, wortmannin, and rapamy-
cin were purchased from Cell Signaling. Insulin and IGF-1 were from
Sigma-Aldrich. RAD001 and PD0325901 were gifts from Novartis AG
and Pfizer, respectively.

MEFs of the different genotypes were prepared by standard procedures
and cultured in DMEM with 1% glutamine and 10% FBS. MCF7, MDAMB-
435S, and MDAMB-468 were cultured in DMEM with 1% glutamine and
10% FBS. T24 cells were cultured in RPMI with 1% glutamine and 10% FBS.
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Figure 8

Schematic representation of the pathway described in the study. Briefly, mMTORC1 activation leads to PI3K and MAPK inhibition through a nega-
tive feedback loop stemming from S6K1 (left panel), while treatment with mTORC inhibitors results in a hyperactive RTK/IRS-1/PI3K pathway,
increasing the signal toward the Ras-Raf1-MEK1/2-ERK pathway (middle panel). Therefore, the combination of MEK and mTORCH1 inhibitors
may provide a therapeutic benefit in the treatment of certain cancers through the abrogation of the feedback described in this study (right panel).
Activated proteins are represented with blue circles and inhibition status with red squares.

Retroviral infections. mTORI*¥/!X primary MEFs were prepared as described
previously (44) and infected with the retrovirus expressing Cre-PURO-
IRES-GFP and the corresponding control virus. Virus particle production
and MEF infection were performed as previously described (45). Western
blot analysis was performed 24 hours after the selection with puromycin.

Transfections. MCF7 cells were transfected with Effectene (Roche) follow-
ing the standard protocol. For Tsc2-null MEF transfection, Lipofectamine
2000 (Invitrogen) was used following standard procedures. For our stud-
ies, PCDNA3.1, PCDNA3.1-Xpress-Tsc2, pPRK7-HAS6K1-E389 D3E, pRK7-
HAS6K1wt, and pCMVS5-HRasN!7 plasmids were employed.

In vivo RADOO1 treatment of Pten-null mice. Post-puberty prostate-condi-
tional Pten’/~ mice were treated with RADOO1 or the corresponding vehi-
cle. RAD001 was administered by oral gavage at 10 mg/kg/day for 4 weeks.
The ethics committees at the Beth Israel Deaconess Medical Center and the
Memorial Sloan-Kettering Cancer Center approved the animal studies.

In vivo heterotopic tumor xenografts. MCF7 cells (6 x 10°) were prepared
in 1:2 Matrigel HC/Complete medium and injected in the flank of Nude
female mice in which a 17f-estradiol pellet (0.72 mg, 60-day release;
Innovative Research of America) was pre-implanted. When tumors
reached 300 mm? (15 days on average), mice where assigned randomly
to the different experimental groups. Treatment was performed in a
1 day on/1 day off schedule for 10 days, and the drugs where administered
with oral gavage (with a 12-hour time frame between the 2 drug treat-
ments). RADO01 was administered at 10 mg/kg/treatment. PD0325901
was dissolved in 0.05% (hydroxypropyl)methyl cellulose, 0.02% Tween-80
solution in sterile water and administered at 15 mg/kg/treatment.
Tumors were measured by external caliper and weighted after sacrifice of
the mouse and extraction of the tumor.

Proliferation assay. Twenty-four hours after vehicle or rapamycin treat-
ment, MCF7 cells were pulsed with BrdU 5 ug/ml for 6 hours. BrdU stain-
ing was performed following standard procedures. Briefly, cells were fixed
in 4% PFA and DNA was denatured with HCI 2N and washed with sodium
borate. After permeabilization in 0.1 % Triton X-100, anti-BrdU antibody
(1:100; BD Biosciences — Pharmingen) was incubated overnight followed
by secondary anti-mouse Alexa Fluor 488. For quantification, 3 fields per
condition with a minimum of 150 cells each were counted and the percent-
age of BrdU-positive cells calculated.
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Immunofluorescence analysis. Cells were fixed in 4% PFA for 15 minutes and
permeabilized in 0.1% Triton X-100. For TUNEL staining, a cell detection
kit (Roche) was used according to the manufacturer’s instructions. For
autophagy staining, LC3 antibody (1:200; Nanotools) was employed.

Real-time PCR. RNA was isolated with the RNeasy Protect kit (Qiagen)
and included a DNase digestion step using the RNase-free DNase kit (Qia-
gen). cDNA was obtained with Transcriptor (Roche). TagMan probes were
obtained from Applied Biosystems Inc. Amplifications were run in a 7900
Real-Time PCR System (Applied Biosystems Inc.). Each value was adjusted
using B-glucuronidase levels as a reference.

Immunohistochemistry. The p-ERK immunohistochemistry was performed
on formalin-fixed, paraffin-embedded sections of tumor biopsies. The p-ERK
rabbit monoclonal antibody (1:100; IHC Preferred; Cell Signaling Technol-
ogy Inc.) and p-S6 (Cell Signaling Technology Inc.; catalog 2211) were incu-
bated after heat-induced epitope retrieval (HIER) with citrate buffer (pH 6.0)
and steam pretreatment for 30 minutes. For Ki-67 immunohistochemistry,
10 mM sodium citrate (pH 8.0) was incubated for 10 minutes in a pressure
cooker for antigen retrieval, and the samples were then incubated with rabbit
monoclonal anti-Ki-67 antibody (Lab Vision; 1:200) followed by a second-
ary antibody biotinylated goat anti-rabbit IgG (Jackson ImmunoResearch;
1:200). Detection was performed with DAB Peroxidase Substrate Kit
(SK-4100; Vector Laboratories), and the slides were counterstained with
hematoxylin (Fisher Scientific) and mounted in Permount (EMS).

For TUNEL staining, after antigen retrieval (performed as described
above), samples were pretreated with proteinase K (Sigma-Aldrich). Next,
the sections were incubated with Terminal transferase (TdT; Roche Diag-
nostics) and biotin-16-dUTP (Roche Diagnostics). Detection was per-
formed with HRP-streptavidin conjugates (1:100) and developed with
the DAB Peroxidase Substrate kit (SK-4100; Vector Laboratories). Finally,
the slides were counterstained with hematoxylin (Fisher Scientific) and
mounted in Permount.

Western blot analysis. Cell lysates were prepared with RIPA buffer, 1%
Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibi-
tor cocktail; Roche). The following antibodies were used for western blot-
ting (all from Cell Signaling Technology except where indicated): rabbit
polyclonal anti-AKT (catalog 9272) and anti-p-Ser473 AKT (catalog
9271), rabbit polyclonal anti-p-Ser240/244 RpS6 (catalog 2215) and rab-
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bit monoclonal anti-RpS6 (catalog 2217), rabbit polyclonal anti-p-p42/
p44 MAPK (catalog 9101) and rabbit polyclonal anti-p42/p44 MAPK
(catalog 9102), rabbit polyclonal anti-p-p90RSK (catalog 9341) and rab-
bit monoclonal anti-RSK1/2/3 (catalog 9347), mouse monoclonal anti-
B-actin (Sigma-Aldrich; catalog A5316), mouse monoclonal anti-HSP90
(BD Biosciences — Pharmingen; catalog 610419), mouse monoclonal
anti-HA (Covance), rabbit monoclonal anti-p-Ser338 Raf1 (catalog 9427),
rabbit polyclonal anti-Raf1 (catalog 9422), mouse monoclonal anti-Ras
(BD Biosciences — Pharmingen), mouse monoclonal anti-PDGFRB (cata-
log 3175), mouse monoclonal anti-cyclin B1 (catalog 4135), and rabbit
monoclonal anti-PDGFRA (catalog 3174). After standard SDS-PAGE and
western blotting procedures, proteins were visualized using the ECL sys-
tem (Amersham Biosciences) and quantified using the Image] software
from NIH on Macintosh computers.

Cell growth analysis. For cell proliferation, 1 x 104 breast cancer cells or
2 x 10* MEF cells were plated in triplicate in 12-well dishes. Twenty-four
hours later, the cells considered day 0 were fixed in formalin 10%. The same
procedure was performed on the days indicated in Figure 6A and Supple-
mental Figure 4. Cell growth was measured by staining with crystal violet
(0.1% in 20% methanol) for 45 minutes. The precipitate was solubilized in
10% acetic acid, and the absorbance was measured at 595 nm.

Samples from Phase I clinical trial with RAD00I. The entry criteria for the
Phase I clinical trial with RADOO1 were that participating patients had
advanced disease that had progressed on standard therapies and that the
patients had tumor available for biopsy. Treatment was given until disease
progression. The timing of the biopsies was different between the daily
and weekly schedules (Figure 1). With the daily schedule, tissue samples
were obtained at baseline and before dosing at day 2 in week 4. With the
weekly schedule, the samples were obtained at baseline and between days
4 and 6 following dose administration in week 4. After surgery, the biop-
sies were stored until analysis at the Molecular Oncology Laboratory at
Vall d’Hebron University Hospital. Inhibition of mTORCI signaling was
observed at all dose levels and schedules. Tissue samples were immediately
placed into a 4°C pre-cooled 4% neutral buffered formalin solution and
fixed for 8 to 16 hours. Fixed specimens were further processed through

routine specimen dehydration using graded ethanol to xylene. Specimens
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were embedded in paraffin wax under vacuum at 60°C. Two investigators
performed the pathological analysis of the biopsies to discriminate nor-
mal and neoplastic areas. All patients gave informed consent. The ethics
committee at Vall d’Hebron University Hospital approved the study, which
followed the Declaration of Helsinki and good clinical practice guidelines
(for detailed information about the clinical trial, see ref. 19).

Statistics. Statistical evaluations were carried out using SigmaStat 2.03
(SPSS). For all tests, the level of statistical significance was set at P < 0.05
or P <0.01. Unless otherwise specified, Student’s ¢ test was used. Error bars
throughout the figures indicate SD.
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