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ABSTRACT

The mammalian target of rapamycin complex 1 (mTORC1: mTOR-raptor interaction) and heat shock pro-
tein 70 (Hsp70) regulate various cellular processes and are crucial for the progression of many cancers
and metabolic diseases. In the recent study, we reported that interaction of Hsp70 with tuberous sclerosis
complex 1 (TSC1) regulated apoptosis. This study was designed to elucidate the underlying mechanism in
Cos-1 cells. Here, we show that N-formyl-3,4-methylenedioxy-benzylidene-y-butyrolaetam (KNK437),
which inhibits the expression level of Hsp70, abrogated phosphorylation of mTOR and S6K in response
to insulin, and inhibited mTORC1 activity via disruption of an interaction between mTOR and raptor.
In addition, KNK437 did not alter TSC1/2 complex formation. Furthermore, KNK437 inhibited the
mTOR-raptor interaction on the outer membrane of the mitochondria and triggered caspase-3 activation.
A reduction in the level of Hsp70 could result in the inhibition of the mTORC1 signaling pathway, thereby

inducing apoptosis.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The mammalian target of rapamycin complex 1 (mTORC1)
pathway is a major regulator of cell growth. mTOR is a serine/thre-
onine kinase of the PIKK (phosphoinositide 3-kinase-related ki-
nase) family and plays a role in cellular metabolism and cell
growth [1,2]. It is known mTOR possesses two different complexes,
mTORC1 and mTORC2, which is well conserved from yeast to hu-
man [3,4]. mTORC1 is composed of mTOR, mLST8 and raptor, and
consequently promotes phosphorylation of its effectors S6K and
4E-BP1 [5-7]. Rapamycin in complex with FK506-binding protein
FKBP12 interacts with mTOR to block phosphorylation of S6K by
mTOR [8]. Thus, this interaction of mTOR with raptor (mTORC1),
which is sensitive to rapamycin, is an important tool in studying
cancer and diabetes [9-11]. On the other hand, mTORC2 interacts
with rictor, Protor and mLST8/GBL and these interactions are
insensitive to rapamycin [12].

Recent studies reveal that protein synthesis through mTORC1
signaling is highly regulated by TSC1/2 complex activity [13]. The
formation of the TSC1/2 complex regulates both its function and
stability. In response to stimulation by insulin or growth factors,
TSC2 is phosphorylated at Thr1462, thereby disrupting the dissoci-
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ation of TSC1 from TSC2 [14]. In fact, the mTORC1 signal is inhib-
ited by TSC1/2 complex and activated in cell by phosphorylation
or loss-of-function of TSC1 or TSC2 [15-17]. Consequently, aber-
rant mTORC1 signaling, which is a direct result of mutations in
TSC1 or TSC2, has resulted in tumor formation [18]. The possible
association of mTORC1 activity with growth factors is therefore
crucial in studying the signaling pathway and cell tumorigenicity.

mTOR has been shown to act as an intracellular regulator of cell
growth and is regulated by a large number of signals including
nutrients and growth factors, such as glucose, amino acids and
insulin [19,20]. Recent reports have demonstrated that inhibition
of mTOR by rapamycin not only attenuates insulin-resistance but
also induces autophagy and apoptosis [21-23]. Therefore, rapamy-
cin is used as an anti-cancer agent under clinical trials in an
mTORC1-dependent manner.

Like Quercetin, KNK437 has been reported as an anti-cancer ther-
apeutic and inhibits the expression of a chemically-induced Hsp70
gene [24-26]. In fact, over-expression of Hsp70 induced a strong
acceleration of cell growth and facilitated cell tumorigenicity
[27,28]. Thus, increasing data now point toward Hsp70 being a key
player in cell survival and apoptosis. We also reported that interac-
tion of TSC1 with Hsp70 regulated apoptosis [29]. Thus, the associa-
tion of Hsp70 with mTORC1 activity may be linked to regulation of
tumorigenesis or apoptosis. However, we could not investigate
whether KNK437 affected the mTORC1 signal activity. The aim of
the present study was to investigate the possibility of a link between
KNK437 and mTORC1 in the regulation of tumorigenesis/apoptosis.
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2. Materials and methods
2.1. Cell culture

Cos-1 cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM; Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum (FBS; Equitech-Bio, TX), 100 U/ml penicillin and
100 pg/ml streptomycin (Gibco BRL/Invitrogen, Carlsbad, CA) at
37 °C in 5% CO,. EEF4 (a TSC2-positive embryonic fibroblast cell
line derived from the Eker rat) and EEF8 (a TSC2-negative embry-
onic fibroblast cell line derived from the Eker rat) [30] were cul-
tured in DMEM/Nutrient Mixture F-12 Ham (Sigma)
supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin at 37 °C in 5% CO,.

2.2. Inhibitor experiment

N-formyl-3,4-methylenedioxy-benzylidene-y-butyrolaetam
(KNK437) was dissolved in dimethyl sulfoxide (DMSO). DMSO was
also added to the DMEM medium instead KNK437 for the control
experiment [24,29].

2.3. Antibodies

Antibodies for immunoblotting against TSC2 (C-20), Mcl-1 and
GRIM-19 were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). The antibody against mouse TSC1 was purchased from
ZYMED Laboratories (San Francisco, CA). Antibodies against B-actin
and Hsp70 were purchased from Sigma and Stressgen (Ann Arbor,
MI), respectively. Antibodies against cleaved Caspase-3, cleaved
Caspase-9, mTOR and S6K were from Cell Signaling Technology,
Inc. (Danver, MA). All primary antibodies were diluted in Tris-buf-
fered saline with 0.05% (v/v) Tween20 (TBST) at 1:1000.

2.4. Isolation of inner or outer membrane of mitochondria

Mitochondrial fraction was isolated from Cos-1 cells using a
mitochondria purification kit (BioChain Institute, Inc., Hayward,
CA) for cultured cells, according to the supplier’s instruction.
Mcl-1 and GRIM-19 were used as mitochondrial markers [29].

2.5. Immunoprecipitation, immunoblotting

Cells were washed twice with PBS (-) and lysed with 100 pl lysis
buffer (40 mM Hepes (pH 7.6), 120 mM NacCl, 5 mM MgCl,, 1 mM
EDTA, 0.3% CHAPS, 0.5 pg/ml leupeptin, 2 pg/ml aprotinin and
10 pg/ml PMSF (pH 7.6)). Lysates were incubated with a specific
antibody in the presence of protein A-agarose beads. The beads were
washed with IP (immunoprecipitation) buffer (40 mM Hepes (pH
7.6), 120 mM Nacl, 0.3% CHAPS, 1 mM EDTA, 0.5 pg/ml leupeptin,
2 pg/ml aprotininand 10 pg/ml PMSF (pH 7.6)) and the immunopre-
cipitates were separated by SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis), transferred to PVDF (Immobi-
lon-P, Millipore Co. Billerica. MA) membrane, and incubated with
specific antibodies (each diluted 1:1000). The immunoblotting was
developed using HRP-conjugated anti-rabbit/mouse IgG antibodies
(each diluted 1:5000) as a secondary antibody and detected using
the GE Healthcare ECL System (Piscataway, NJ).

3. Results

3.1. KNK437 suppressed phosphorylation and activity of mTORC1
signal

To test whether KNK437 inhibited phosphorylation of mTOR
(Ser2448) and S6K (Thr389) in Cos-1 cells, we analyzed the effects

of KNK437 treatment at various time periods (0, 2, 4 h) and at var-
ious concentrations (0-100 uM) on mTOR and S6K activation in
Cos-1 cells. This was done by measuring changes in phosphoryla-
tion-dependent activity. KNK437 inhibited the phosphorylation
of mTOR (Ser2448) and S6K (Thr389) in a time dependent manner
(Fig. 1A). We also observed that KNK437 inhibited the phosphory-
lation of these sites in a concentration-dependent manner after a 4
hour treatment (Fig. 1B), thereby interfering with the mTORC1 sig-
naling activity.

In general, mTOR is phosphorylated at Ser2448 in response to
insulin stimulation [19]. We therefore examined whether
KNK437 affected the phosphorylation of mTOR (Ser2448) and
S6K (Thr389) during insulin stimulation. While mTOR and S6K
were indeed phosphorylated by insulin, KNK437 inhibited the
phosphorylation of mTOR and S6K in insulin-treated cells
(Fig. 1C). These experiments showed that KNK437 inhibited phos-
phorylation of mTOR and S6K in response to insulin stimulation
and further confirmed the suppressive nature of KNK437 on
mTORC1 signaling.

3.2. KNK437 disrupted mTOR-interaction with raptor

The activity of mTORC1 and interaction of mTOR with raptor is
completely blocked by rapamycin [8]. We tested whether KNK437
exerted a similar effect to rapamycin on the expression levels as
well as the interaction of mTOR and raptor. Our results showed
that KNK437 specifically suppressed the expression of Hsp70, but
not that of mTOR and raptor; however, it inhibited phosphoryla-
tion of mTOR as well as that of rapamycin (Fig. 2A). Furthermore,
KNK437 induced dissociation of mTOR with raptor from a complex,
in a similar manner to rapamycin (Fig. 2B). These results implied
that KNK437 blocked mTORC1 activity via dissociation of mTOR
from an mTOR-raptor complex.

3.3. KNK437 inhibited mTORC1 activity without affecting the TSC1/2
complex

The TSC1/2 complex negatively regulates mTOR-S6K signaling
[17]. We hypothesized that KNK437 inhibited mTOR and S6K phos-
phorylation through an involvement with the TSC1/2 complex. To
determine whether KNK437 affected the TSC1/2 complex forma-
tion, we carried out immunoprecipitation analyses using an anti-
body against TSC1. The results showed that KNK437 did not alter
protein expression levels of TSC1 and TSC2 (Fig. 3A, upper). More-
over, there was no apparent change in the interaction of TSC1 with
TSC2 in KNK437-treated cells (Fig. 3A, lower). This suggested that
KNK437 did not affect TSC1/2 complex formation.

In general, TSC1 =/~ or TSC2/~ contributes to constitutive activa-
tion of mTOR signaling [13]. We therefore examined whether
KNK437 directly inhibited mTOR activity in the EEF4 (TSC2"*)
and EEF8 (TSC27/~) cells. KNK437 inhibited phosphorylation of
mTOR and S6K in EEF8 cells but not in EEF4 cells (Fig. 3B). We
therefore conclude that KNK437 directly inhibited phosphorylation
and activation of mTOR and S6K.

3.4. KNK437 enhanced caspase-3 activity via inhibition of mTORC1
activity

mTOR localizes to membranes fractions, including the plasma
membrane and mitochondrial fractions [31,32]. Here, we studied
the possible effects of KNK437 on the mTOR-raptor complex and
its localization on the mitochondrial fraction. An isolated mito-
chondrial fraction was incubated with proteinase K in the presence
or absence of Triton X-100 [29]. This resulted in the degradation of
mTOR and raptor by proteinase K (Fig. 4A), indicating that both
these proteins localized to the outer membrane of the mitochon-
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Fig. 1. Effects of KNK437 on phosphorylation of mTOR and S6K. (A) Serum-starved (2 h) Cos-1 cells were incubated with 100 uM KNK437 for 0, 2, 4 h. The effects on mTOR
and S6K activation were examined in Cos-1 cells by measuring changes in phosphorylation-dependent activity. (B) Serum-starved (2 h) Cos-1 cells were incubated with
KNK437 (0-100 pM) for 4 h. (C) Serum-starved (6 h) Cos-1 cells were exposed to KNK437 for 4 h, followed by stimulation with 100 nM insulin. Then, the cell lysates were
immunoblotted with the indicated antibodies. Effect of KNK437 was determined by subjecting cell lysates to Western blot analysis using anti-Hsp70.
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Fig. 2. Effects of KNK437 on the association between mTOR and raptor. (A) Serum-starved (2 h) Cos-1 cells were incubated in the presence of 100 pM KNK437 or 100 nM
rapamycin. DMSO was used as the control. (B) After serum-starvation (2 h) Cos-1 cells were treated with KNK437 or rapamycin. Immunoprecipitation was carried out using
anti-mTOR. Effect of KNK437 was determined by subjecting cell lysates to Western blot analysis using anti-Hsp70.

dria. Further, we tested whether KNK437 promoted the dissocia-
tion of raptor from mTOR on the mitochondria. The results demon-
strated that KNK437 did not affect the localization of mTOR and
raptor to the mitochondria, but inhibited mTOR-raptor complex
formation on the mitochondria (Fig. 4B).

Hosoi et al. reported that rapamycin induced apoptosis in hu-
man rhabdomyosarcoma cells [33]. To test whether this apoptosis

was mediated by the action of KNK437 and rapamycin on mTOR,
we studied Cos-1 cells treated with KNK437 or rapamycin.
KNK437 did not affect mTOR expression, but inhibited phosphory-
lation of mTOR (Fig. 4C). Like rapamycin, KNK437 activated cas-
pase-9 and -3 (Fig. 4C). We therefore concluded that KNK437
induced apoptosis of Cos-1 cells through inhibition of mTORC1
activity.
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Fig. 3. KNK437 inhibits mTORC1 activity by a TSC2-independent mechanism. (A) Serum-starved (2 h) Cos-1 cells were exposed to 100 pM KNK437 for 4 h. Anti-TSC1 was
used for immunoprecipitation from cells lysates, followed by immunoblotting with the indicated antibodies. (B) Serum-starved (6 h) EEF4 (TSC2**) and EEF8 (TSC2/~) cells
were incubated with 100 pM KNK437 for 4 h. Following this, the cell lysates were immunoblotted with the indicated antibodies. Effect of KNK437 was determined by

subjecting cell lysates to Western blot analysis using anti-Hsp70.

4. Discussion

The mTORC1 signaling pathway promotes cellular survival and
is constitutively activated in many cancers [9]. Hsp70, a chaperone
protein, plays an important role in the survival of certain signaling
proteins [27]. We have already reported that TSC1-Hsp70 complex
regulated apoptosis [29]. Therefore, KNK437, which inhibit expres-
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Fig. 4. KNK437 induces apoptosis via inhibition of mTORC1 activity. (A) Isolated
mitochondrial fractions were incubated with or without proteinase K (PK). To
disrupt mitochondrial integrity, Triton X-100 was added in the digestion buffer.
GRIM-19 was used as a marker of the inner membrane of the mitochondria. (B)
Mitochondrial fractions were isolated from Cos-1 cells, and immunoprecipitation
was performed using anti-mTOR. (C) Serum-starved (2 h) Cos-1 cells was treated
with DMSO (control), 100 uM KNK437 or 100 nM rapamycin. The cell lysates were
immunoblotted with the indicated antibodies.

sion of Hsp70, was used in this study to test its effects on induction
of apoptosis via the inhibition of mTORC1 activity.

In this study, we showed that KNK437 inhibited phosphoryla-
tion and activation of mTOR and S6K on sites Ser2448 and
Thr389, respectively, in response to insulin in Cos-1 cells. We pro-
pose this to be a crucial stage in the KNK437-suppressed activation
of the mTORC1 signaling pathway. Rapamycin, a well-known anti-
cancer agent, binds to mTOR and induces the dissociation of the
mTOR-raptor complex when coupled with FKBP12 [8]. As shown
in Fig. 2B, KNK437 disrupted the mTOR-raptor complex and inhib-
ited mTORC1 signal activity in a similar manner to rapamycin.

Next, we investigated whether KNK437 inhibited the mTOR sig-
naling pathway through the TSC1/2 complex. The results showed
that KNK437 did not alter TSC1/2 complex interaction. Although
we previously reported that KNK437 suppressed phosphorylation
of TSC2 (Thr1462) [34], this study demonstrated a direct inhibition
of phosphorylation of mTOR and S6K through a TSC2-independent
mechanism.

The mTOR activity regulates mitochondrial functions, including
life extension and aging [35]. We therefore investigated the possi-
ble effects of KNK437 on interaction of mTOR and raptor on the
mitochondrial fraction. As shown in Fig. 4A, although KNK437
did not affect the mitochondrial localization of mTOR and raptor,
it disrupted the dissociation of raptor from the mTOR-raptor com-
plex on the outer membrane of the mitochondria.

Mitochondria are known to play a key role in regulating cellular
apoptosis. Activated mTORC1 negatively regulates apoptosis
through S6K-dependent phosphorylation of BH3-only domain pro-
tein and rapamycin-induced apoptosis via inhibition of mTOR
activity [21,36]. The results of this study revealed that KNK437 in-
duced activation of caspase-9 and -3 (Fig. 4C). Therefore, KNK437
inhibited mTORC1 signaling and enhanced the apoptotic signal
pathway. Recent studies have shown that combinations of rapamy-
cin and other agents that target the mTORC1-dependent signaling
pathways in many cancers are required to overcome resistance to
treatment. Thus, our data suggest that a combination of KNK437
and rapamycin could be used as a valuable tool in studying the
mechanisms of the mTORC1-related signal pathways.

In conclusion, KNK437 inhibits the mTORC1 signaling pathway
through the direct dissociation of the mTOR-raptor complex,
which is TSC1/2 complex independent. Our data suggest that
inhibiting expression level of Hsp70 by KNK437 induces the activa-
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tion of caspase-3 through inhibition of the mitochondrial localiza-
tion of mTORC1.
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