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ABSTRACT
In this study, we reported the effect of the ATP binding site competitive inhibitor Torin1 on activated α2-macroglobulin
(α2M*)-induced cell proliferation and activation of mTORC1 and mTORC2 signaling in prostate cancer cells. Torin1
significantly inhibited α2M*-induced cellproliferation as measured by protein and DNA synthesis. Translational activity,
a major cellular response in malignant cells, is coordinately regulated by the mTORC1-S6-kinaseand mTORC1-4EBP1
axes. Torin1 significantly inhibited α2M*- and insulin-induced activation of mTORC1 as determined by phosphorylation of S6-kinaseat Thr389 and 4EBP1 at Thr37/46 compared to untreated cells employing Raptor immunoprecipitates.
Torin1 also significantly inhibited α2M*- and insulin-induced upregulation of p-AktT308 and p-AktS473 in prostate cancer
cells. The effect was comparable to that of insulin employed as a positive control. Finally, Torin1 inhibited α2M*- and
insulin-induced activation of mTORC2 kinase assayas measured by phosphorylation of Akt at Ser473 in Rictor immunoprecipitates of prostate cancer cells.
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1. Introduction
The ability of cancer cells to thrive in vivo depends on
many factors among which are the repertoire of proteins
modulating their environment. Human α2-macroglobulin
(α2M) is synthesized by many tissuesand functions as a
pan-proteinase inhibitor. When proteinases attack the
“bait region” in each of the four α2M subunits, thiolesters
rupture and the protein undergoes a very large conformational change exposing receptor recognition sites in each
subunit [1]. In addition to proteinases, exposure of α2M
to small primary amines or ammonia, by direct attack on
the thiolesters, also induces a large conformationalchange exposing these receptor recognition sites [1].
These activated forms are designated α2M*. Although
GRP78 (glucose regulated protein of Mr ~78,000) is primarily known as a resident endoplasmic reticulum chaperone, it appears on the cell surface of many types of
malignant cells [2-9]. Binding of α2M* to tumor cell surface GRP78 causes its autophosphorylation [8,10] activating down stream pro-proliferative and anti-apoptotic
signaling cascades including Ras/MAPK and PI 3-kinase/
Copyright © 2013 SciRes.

Akt/mTOR [2-12]. It has, therefore, been suggested that
upregulation of cell surface GRP78 is part of the aggressive phenotype in various cancers including prostate and
melanoma [5]. Consistent with this hypothesis, autoantibodies against the NH2-terminal domain of GRP78 appear in the sera of prostate cancer and melanoma patients
where they are a biomarker of aggressive behavior [13,
14]. These antibodies are agonists which bind to the
same region of GRP78 where α2M* binds [15]. In contrast, monoclonal antibodies directed against the carboxyl-terminal domain of GRP78 are antagonists of
α2M* and anti-GRP78-NH2-terminal domain antibodies
in cell culture and mice [9-11,16,17]. Based on these and
other observations, we hypothesize that activated α2M
functions like a growth factor and cell surface-associated
GRP78 as a growth factor-like receptor.
Akt is a Ser/Thr kinase expressed as isoforms, Akt1,
Akt2, and Akt3, encoded by three different genes [18].
These isoforms are nearly identical in amino acid sequence; however, their relative expression differs in
various mammalian tissues. Akt is the major downstream
effector in the PI 3-kinase pathway and it regulates cell
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survival, proliferation, and metabolism. PI 3-kinase phosphorylates PIP2 to generate PIP3 which binds to Akt thus
promoting its translocation to the plasma membrane
where it is phosphorylated at Thr308 in the catalytic domain by PDK1 and Ser473 by mTORC2 in the hydrophobic domain [18,19]. Phosphorylation at both these positions is required for full activation of Akt1. Phosphorylation of Thr308 is indispensable for kinase activity,
whereas phosphorylation at Ser473 in the hydrophobic
motif domain enhances Akt kinase activity by about
fivefold [20]. Akt1 is also phosphorylated co-translationally at Thr450 in the “turn” motif by mTORC2 [21].
The turn motif phosphorylation of Akt is essential for
newly synthesized Akt to assume its proper folding and
stability. Mutations of Ras which activate Akt, occur in
~30% of epithelial tumors and Akt gene amplification
also occurs in a subset of human cancers. In addition,
partial ablation of Akt is sufficient to inhibit the development of tumors in PTEN +/− mice [22,23]. In clinical
specimens of prostate cancer the overexpression and activation of Akt1 is associated with high pre-operative
prostate specific antigen (PSA) levels, higher Gleason
grades, and shorter disease relapse times [22,23]. Immunohistochemical studies show a greatly enhanced staining of p-AktSer473 in poorly differentiated prostate cancer
[24-26]. The disruption of mTORC2 by different genetic
and pharmacological approaches has variable effects on
Akt phosphorylation. Targeting mTORC2 by RNAi,
homologous recombination, or long term rapamycin
treatment results in downregulation of Akt phosphorylation at Ser473. RNAi or long term rapamycin treatment
results in loss of Akt phosphorylation at Thr308, but this
phosphorylation remains intact in mouse embryonic fibroblasts lacking the mTORC2 component mS1N1 [11].
Mammalian target of rapamycin (mTOR), an evolutionarily conserved Ser/Thr kinase, is a key regulator of
Akt phosphorylation [27-29]. There is growing interest in
targeting mTOR in the treatment of cancers such as
prostate [29]. This goal may be complicated by the fact
that mTOR is present in two physically and functionally
distinct protein complexes designated as mTORC1 and
mTORC2, respectively [see reviews 27-32]. These two
complexes differ in their regulation, downstream targets,
and sensitivity to the inhibitor rapamycin. mTORC1 is a
homodimercontaining mTOR Raptor, and GβL which is
sensitive to rapamycin. Activated mTORC1 promotes
cell growth in part by directly phosphorylating the translational regulators S6-kinase (S6K) and eIF4E binding
protein (4EBP) [27-33]. Akt-induced phosphorylation of
PRAS40 and Deptor causes their dissociation from Raptor and promotes recruitment of its downstream substrates S6K1 and 4EBP [see reviews 27-33 and references therein]. Binding of Rheb·GTP to mTORC1 results
Copyright © 2013 SciRes.

75

in mTORC1 activation, while binding to Rheb·GDP in
its inhibition. Phosphorylation of TSC2 by Akt1 inhibits
its GTPase activity leading to increased GTP loading on
Rheb and consequent increase in mTORC1 activity [see
reviews 27-33 and references therein]. S6-kinase regulates mTORC1 through a negative feedback signaling
pathway that phosphorylates IRS and inhibits PI 3-kinase
and Akt activation. The mTORC2 complex, in addition
to mTOR, contains Rictor, GβL, Deptor, Protor, and
mSIN1 and is insensitive to acute rapamycin inhibition
[see 27-33 and references therein]. However, prolonged
mTORC2 exposure to rapamycin inhibits mTORC2 in
some cell types [27-33]. Protor binds tightly to Rictor,
but is not required for mTORC2 activity [27-29,32].
Both mTORC1 and mTORC2 are activated by growth
factors including insulin and insulin-like growth factor
[27-33]. However, the mechanisms by which growth
factors activate mTORC2 are not clearly understood
[27-33]. mTORC2 associates with ribosomes and this
may serve as an upstream regulatory mechanism [34].
In a recent study of prostate cancer cells, we reported
that binding of α2M* to cell surface GRP78 activates
both mTORC1 and mTORC2 signaling as determined by
phosphorylation of S6K (S6KT389), 4EBP1, and mTORC2
signaling as determined by phosphorylation of Akt at
Ser473 [11]. Activation of mTOR in response to growth
factors, nutrients, and energy signals leads to an increase
in protein and lipid synthesis which is required for robust
tumor growth. This feature of mTOR makes it an attractive target for cancer therapy [35]. First generation
mTOR inhibitors form a complex with intracellular receptor FK506 binding protein 12 (FKBP12) which interferes with mTOR activity [35-39]. In monotherapy, rapalogs have antitumor activity with toxic effects. Rapalogs preferentially disrupt mTORC1 where as second
generation small molecule mTOR kinase inhibitors target
both mTORC1 and mTORC2 [35-39]. Both classes of
agents reduce down stream mTOR functions in diverse
carcinomas, lymphomas, and glioblastoma cell lines
[35-39]. They inhibit phosphorylation of S6K and 4EBP1
by mTORC1 which alters the translation of certain
mRNAs involved in the regulation of cell cycle progression. These agents also inhibit protein translation and
cancer cell proliferation, induce G1 cell cycle arrest and
apoptosis in some cell lines [35-39]. In recent years several second generation potent and selective ATP-competitive inhibitory of mTOR, such as Torin1 [39], PP242
[38], KU63794 [40], or WYE354 [41] have been developed. These inhibitors are being widely used as pharmacological probes of mTOR. Enzymatic and cellular assays showed that all four compounds are potent inhibitors of mTORC1 and mTORC2 with Torin exhibiting
~20-fold-greater potency for inhibition of mTORC1 relaJCT
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tive to other inhibitors [38-41]. Torin1 also showed a
sustained inhibition of mTOR at nM concentrations
compared to other ATP binding site inhibitors [39]. Ourprevious studies demonstratethat ligation by α2M* to cell
surface GRP78 promotes prostate cancer cell proliferation and survival by activating PI 3-kinase/Akt/mTOR
signaling [11 and references therein]. Since mTOR isa
master integrator of growth factors and cancer cell proliferation [27-32], we employed Torin1, an active site
inhibitor of mTOR, to suppress α2M*-inducedproliferation and survival of prostate cancer cells. We show here
that pretreatment of prostate cancer cells with nM concentrations of Torin1 significantly decreased α2M*-induced protein and DNA synthesis. Torin1 also inhibited
mTORC1 signaling as determined by S6K and 4EBP1
phosphorylation in Raptor immunoprecipitates and mTORC2
inhibition as determined by phosphorylation of Akt at
Ser473 in Rictor immunoprecipitates of prostate cancer
cells pretreated with α2M* or insulin.

2. Experimental Methods and Procedures
2.1. Materials
Culture media were purchased from Invitrogen. Receptor-recognized α2M* was produced by reaction of α2M
with methylamine as described previously [11]. Antibodies against, p-S6KT389, 4EBP1, p-4EBP1T37/46, Akt1, pAktT308, and p-AktS473 were purchased from Cell Signaling Technology (Danvers, MA). Antibodies against
Raptor and Rictor were from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-actin antibody was from Sigma
(St. Louis, MO). 4EBP1 was from Stratagene. A GSTS6K construct was expressed and purified according to
the protocol provided by Prof. Blenis (Harvard University Medical School). Antibodies against the carboxylterminal domain of GRP78 were from Aventa Biopharmaceutical Corp (San Diego, CA). [3H]Leucine (specific
activity 115.4 Ci/mmol) [3H]Thymidine (specific activity
174 Ci/mmol) and [33P]-γ-ATP (specific activity 3000
Ci/mmol) were from Perkin-Elmer Life Sciences. All
other materials were of analytical grade and were procured locally.

2.2. Prostate Cancer Cell Lines
In an earlier report, we studied two prostate cancer lines
1-LN and DU-145, which express GRP78 on their cell
surface and PC-3 prostate cancer line, which expresses
little GRP78 on its cell surface [7,11]. The highly metastatic 1-LN cell line was a kind gift of Dr. Philip Walther
(Duke University Medical Center, Durham, NC). The
1-LN cell line was derived from a flank tumor model in
which PC-3 cells were implanted in nude mice. The cells
were obtained from a rare lymph node metastasis in these
Copyright © 2013 SciRes.

mice. Because thiscell line expresses a high level of
GRP78 on the cell surface and none or very little LRP
which also binds α2M*, we have extensively used this
line for studying the role of cell surface GRP78 in cancer
cell growth. This cell line is available to any investigator who wishes these cells. Depending on the experiments, these cells were grown either in 6, 12, 24, or
48-well plates to confluence in RPMI medium containing
10% fetal bovine serum, 2 mM glutamine, 12.5 units/ml
penicillin, 6.5 µg/ml streptomycin and 10 nM insulin
(RPMI-S) in a humidified CO2 (5%) incubator. At 90%
confluency the medium was aspirated. The monolayers
washed with ice-cold HHBSS, a fresh volume of medium
added and the cells used for the experiments described
below.

2.3. Determination of the Effects of α2M* on
Protein Synthesis in 1-LN Cells
1-LN cells (300 × 103 cells/well) in 48 well plates were
grown in RPMI-S medium in a humidified CO2 (5%)
incubator at 37˚C. At about 90% confluence, the medium
was aspirated a volume of RPMI-S was added followed
by the addition of either buffer or α2M* (50 pM). To
each well, was added [3H]leucine and cells were incubated overnight. In experiment where the effect of cell
treatment with Torin1 on α2M*-induced protein synthesis
was studied, Torin-1 was added (250 nM) 2 h before
adding α2M* (50 pM) and [3H]lecine (2 µCi/ml). The
reactions were terminated by aspirating the medium and
monolayers washed thrice twice with ice-cold 5% TCA,
followed by three washings with ice-cold PBS. Cells
were lysed in a volume of 1 NaOH (40˚C/2h), protein
was estimated and the lysates were counted in a liquid
scintillation counter [7,11].

2.4. Determination of the Effects of
α2M*-Induced DNA Synthesis in 1-LN Cells
1-LN cells (300 × 103 cells/well) in 48 well plates were
grown in RPMI-S medium in a humidified CO2 (5%)
incubator at 37˚C. At about 90% confluence, the medium
was aspirated a volume of RPMI-S was added followed
by the addition of either buffer or α2M* (50 pM). To
each well, was added [3H] thymidine (2 µCi/ml) and cells
were incubated overnight. In experiments where the effect of celltreatment with Torin1 on α2M*-induced DNA
synthesis was studied, Torin1 (250 nM) was added 2h
before adding α2M* (50 pM) and [3H]thymidine (2
µCi/ml). The reactions were terminated by aspirating the
medium and monolayers washed twice with ice-cold 5%
TCA, followed by three washings with ice-cold PBS.
Cells were lysed in a volume of 1 NaOH (40˚C/2h), protein was estimated and the lysates were counted in a liqJCT
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uid scintillation counter [7,11].

2.5. Assay of S6-Kinase Phosphorylation to
Determine mTORC1 Kinase Activity in
Raptor Immunoprecipitates of Prostate
Cancer Cells Treated with α2M*
α2M*-induced activation of mTORC1 kinase in prostate
cancer cells was determined in Raptor immunoprecipitates of cells by assaying the phosphorylation of S6K1
and 4EBP1 as described earlier [11,42,43]. Briefly, prostate cancer cells (3 × 106 cells/per well in 6-well plates)
incubated overnight in RPMI-S medium were washed
twice with ice-cold HHBSS and a volume of RPMI-S
medium added to each well. After temperature equilibration, cell in the wells were exposed to either buffer, α2M*
(50 pM/25 min) or insulin (200 nM/25 min) and incubated as above. Reactions were stopped by aspirating the
medium and a volume of CHAPS lysis buffer (Buffer B)
containing 40 mM HEPES(pH 7.5), 120 mM NaCl, 1
mM EDTA, 10 mM sodium pyrophosphate, 10 mMβglycerophosphate, 0.5 mM sodium orthovanadate, 0.3%
CHAPS and a Roche Protease inhibitor cocktail table (1
tablet/10 ml) was added and cells lysed over ice for 15
min. The lysates were transferred to separate Eppendorf
tubes, micro-centrifuged (1000 rpm/5 min/4˚C) and supernatants used for protein estimation and immunoprecipitation. Equal amount of lysate proteins (200 - 250 μg)
were used for immunoprecipitation with Raptor antibodies (1:50 Santa Cruz cat# 81537), followed by the addition of 40 μl of protein A agarose and contents incubated
with rotation overnight at 4˚C. Raptor immunoprecipitates were recovered by centrifugation (2000 rpm/5
min/4˚C) and used for S6K1 phosphorylation.
Raptor immunoprecpitates were washed once with lysis buffer containing 10 mM Tris·HCl, pH 7.2, 0.5% sodium deoxycholate, 0.1% NP-40, 100 mM NaCl, 1 mM
EDTA, 1 mM sodium orthovanadate, 2 mM DTT, 10
μg/ml leupeptin and 5 μg pepstatin followed by washing with above buffer without NP 40 and containing 1M
NaCl, and finally with buffer containing 50 mM Tris·HCl
pH 7.2, 5 mM Tris·base, and 100 mM NaCl. The immunoprecipitates after each wash were recovered by micro-centrifugation (2500 rpm/5 min/4˚C). To these immunoprecipitates, 40 μl of reaction buffer containing 20
mM HEPES, pH 7.2, 10 mM MgCl2, 50 μM ATP and 3
μg substrate peptide were added. The reactions were
started by adding 5 μCi of [33P]-γ-ATP. The contents
were incubated for 15 min at 30˚C in a shaking water
bath. The reactions were stopped by adding a volume of
4x sample buffer and tubes boiled for 5 min, centrifuged,
electrophoresed in 12.5% gel transferred to membranes
and membrane autoradiographed. Phosphorylated S6K

Copyright © 2013 SciRes.

77

substrate peptide bands were visualized and quantified as
above. In experiments where the sensitivity of mTORC1
kinase in Raptor immunoprecipitates towards Torin1 was
determined, the cells were pretreated with Torin1 (200
nM/2h) before stimulation with α2M* (50 pM/25 min/
37˚C) or insulin (200 nM/20 min) and cell lysates processed as above. Other details for autoradiographic visualization of phosphorylation of S6-kinase substrate peptide were as above. We also determined α2M*-induced
activation of mTORC1 kinase by assaying the phosphorylation of S6K1 in Raptor immunoprecipitates by
Western blotting. Experimentation details were identical
to those described above except that to Raptor immunoprecipitates isolated from cells treated as above, was
added a volume of 4x sample buffer, tubes boiled, centrifuged, electrophoresed (12.5% gel), transferred to
membrane, immunoblotted with anti-S6KT389 antibody
andprotein bands quantified as above.

2.6. Determination of mTORC1 Kinase Activity
in Raptor Immunoprecipitates towards
4EBP1 Phosphorylation
α2M*-induced phosphorylation of 4EBP1 in prostate
cancer cells was determined inRaptor immunoprecipitates of 1-LN cells [11,42,43]. The cells (3 × 106 cells/per
well in 6 well plates) were incubated in RPMI-S medium
overnight, washed twice with ice-cold HHBSS and a
volume of RPMI-S medium added to each well. After
temperature equilibration, cell in the wells were exposed
to either buffer, α2M* (50 pM/25 min) or insulin (200
nM/25 min) and incubated as above. Reactions were
stopped by aspirating the medium and a volume of
CHAPS lysis buffer (Buffer B) was added and cells lysed
over ice for 15 min. The lysates were transferred to
separate Eppendorf tubes, micro-centrifuged (1000 rpm/5
min/4˚C) and supernatants used for protein estimation
and immunoprecipitation. In separate experiments, equal
amounts of lysate protein (200 - 250 μg) were immunoprecipitated with anti-Raptor antibodies (1:50), followed
by the addition of 40 μl of protein G agarose and contents incubated with rotation overnight at 4˚C. Raptor
immunoprecipitates were recovered by centrifugation
(2000 rpm/5 min/4˚C) and washed twice with lysis buffer
B and micro-centrifuged (2500 rpm/5 min/4˚C). Then the
respective immunoprecipitates were suspended in 40 μl
of kinase buffer containing 10 mM HEPES pH 7.4, 50
mM NaCl, 50 mM β-glycerophosphate, 01. mM EDTA,
1 mM DDT, 20 mM MnCl2, 200 μM ATP and 4 μg
4EBP1. The reactions were initiated by adding 5 μCi of
[33P]-γ-ATP, tubes incubated in a shaking water bath for
15 min at 30˚C. The reactions were stopped by adding a
volume of 4x sample buffer, tubes boiled for 5 min, and
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supernatants electrophoresed on 12.5% acrylamide gels
transferred to membranes and membrane autoradiographed. The protein bands were quantified as above. In
experiments where the sensitivity of mTORC1 kinase in
Raptor immunoprecipitates towards Torin1 was determined, the cells were pretreated with Torin1 (250 nM/2h)
before stimulation with α2M* (50 pM/25 min/37˚C) or
insulin (200 nM/20 min) and cell lysates processed as
above. Other details for autoradiographic visualization of
phosphorylation of 4EBP1 substrate peptide were as
above. We also determined α2M*-induced activation of
mTORC1 kinase by assaying the phosphorylation of
4EBP1 in vivo in Raptor immunoprecipitates by Western
blotting. Experimentation details were identical to those
described above except that to Raptor immunoprecipitates isolated from cells treated as above, was added a
volume of 4x sample buffer, tubes boiled, centrifuged,
electrophoresed (12.5% gel), transferred to membranes,
immunoblotted with anti-p-4EBP1 antibody and protein
bands quantified as above.

2.7. Determination of α2M*-Induced
Phosphorylation of Akt at Ser473 in Rictor
Immunoprecipitates to Measure mTORC2
Activity
1-LN prostate cancer cells (3 × 106 cells/well in 6 well
plates) incubated overnight in RPMI-S medium were
washed twice with ice-cold HHBSS and a volume of
RPMI-S medium added to each well. After temperature
equilibration, cells in the respective wells were exposed
to either buffer, or α2M* (50 pM/25 min), or insulin (200
nM/25 min) and incubated as above [11,42,43]. Reactions were stopped by aspirating medium and a volume
of CHAPS lysis buffer (Buffer B) was added and cells
lysed over ice for 15 min. The lysates were transferred to
separate Eppendorf tubes, centrifuged (1000 rpm/5
min/40˚C) and supernatants used for protein estimation
and immunoprecipitation. Equal amounts of lysate protein (200 - 50 μg) were immunoprecipitated with antiRictor antibodies (1:50, Santa Cruz Cat # 81538), followed by the addition of 40 μl of protein A agarose, and
the contents incubated with rotation overnight at 40C.
Rictor immunoprecipitates were washed with lysis buffer
B containing 0.5 M NaCl and Tris·HCl (pH 7.4), supplemented with 1 mM DTT, 1 mM PMSF and1 mM
benzamidine. The tubes were centrifuged at 2500 rpm for
5 min at 4˚C. To the immunoprecipitates, 40 μl of kinase
buffer containing 50 mM Tris·HCl (pH 7.5), 10 mM
MgCl2, 1 mM MgCl2, 1 mM DTT, 1 mM PMSF, 1 mM
Benzamidine and 20 μl of leupeptin was added followed
by the addition of 30 μl of AktSer473 kinase substrate
(NH2-RRPHFPQ-FSYSA-COOH) in the respective tubes.

Copyright © 2013 SciRes.

In experiments where Torin1 was used, Rictor immunoprecipitates were pre-incubated with 20 nM of Torin for
20 min and then assayed for AktSer473 phosphorylation.
The peptide (NH2-GGEEEEYFELVKKKK-COOH (ZAK
3 tide) served as the control. The reaction was initiated
by adding 50 μM of ATP and 5 μCi of [33P]-γ-ATP in
each tube and tubes incubated for 30 min at 30˚C in a
shaking waterbath. The reaction was stopped by the addition of 5 μl of 0.5 M EDTA in each tube, the tubes
centrifuged at 3000 rpm for 3 min, 40 μl of each supernatant applied on p81 phosphocellulose paper (Whatman,
NJ) allowed to dry and papers washed four times each
time by immersing them in 1 liter of 1M phosphoric acid
for 3 min. The paper was rinsed with acetone and their
radioactivity was counted in a liquid scintillation counter.
In preliminary experiments the kinase activity of AktS473
kinase towards control ZAK 3 peptide were always 50%
- 60% of buffer control. Hence control peptide activities
are not being shown. We also determined the effect of
Torin1 on α2M*- and insulin-induced phosphorylation of
Akt at Thr308 and Ser473 residues in cell lysates in Western blotting. Cells incubated overnight in RPMI-S medium were treated as above. The reactions were terminated by aspirating the medium and cells lysed over ice
in lysis buffer A for 15 min. The lysates transferred to
new tubes, centrifuged (1000 rpm/5 min at 4˚C), equal
amounts of lysate proteins electrophoresed in 10% gel,
protein bands transferred to Hybond-P membranes and
the respective membranes were immunoblotted with
anti-p-AktThr308 and p-AktSer473 antibodies, respectively.
The p-AktThr308 and p-AktSer473 protein bands were quantified in a Storm Phosphorimager [11,42,43].

2.8. Statistical Analysis
Statistical significance of the data was determined by
Students “t” test. P Values of 0.05 are considered statistically significant.

3. Results
3.1. Torin1 Inhibits α2M*-Induced Protein and
DNA Synthesis in 1-LN Prostate Cancer
Cells
During embryogenesis and childhood, periods representing growth, development, and differentiation, significantly increased levels of α2M are seen in plasma [44].
While the liver produces α2M, it is also produced locally
in tumor stromal tissues such as associated with tumor
growth [7,45]. The circulating concentration of α2M is
about 2 - 5 μM and its proteinase activated form may
compose ~10% of this pool [1]. Various tumors including aggressive prostate cancer produce metallopro-
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teinases as well as PSA which rapidly convert α2M to
α2M* [7,44,45]. Therefore, it could be envisaged that
under the conditions that exist in patients harboring
prostate cancer, a substantial amount of α2M* is available
to bind to cell surface GRP78 thus triggering mitogenic
signaling and promoting cellular proliferation [7,11]. In
our earlier studies we have shown that binding of α2M*
to cell surface GRP78 in prostate cancer cells, causes
upregulation of protein and DNA synthesis [3-12]. Ligation of cell surface GRP78 with α2M-NH2 or α2M-PSA
also caused cellular proliferation in prostate cancer cells
[7]. This cellular response is mediated by upregulation of
pro-proliferation and pro-survival RAS·MAPK and PI
3-Akt/mTOR signaling in prostate cancer cells ligated
with α2M*. Eukaryotic cells predominantly use Ras/
MAPK, and PI 3-kinase/Akt/mTOR signaling pathways
for their survival and proliferation in both physiological
and pathological environment. Pretreatment of cells with
inhibitors of Ras/MAPK, PI 3-kinase/Akt/mTOR signaling pathways, down regulation of GRP78 gene expression by RNAi or pretreatment of cells with antibodies
against the carboxyl-terminal domain of GRP78 significantly suppressed α2M*-induced increased protein and
DNA synthesis [3-12]. Notably pretreatment of cells with
antibodies directed against the carboxyl-terminal domainof GRP78 antibodies inhibited cell growth of prostate
cancer cells and induced apoptosis and increased p53
levels [3-12,46-48]. In this study we have used the active
site mTOR inhibitor Torin1 to study its effect on
α2M*-induced cellular proliferation as evaluated by protein and DNA synthesis in 1-LN prostate cancer cells
(Figures 1 and 2). Pretreatment of cells with Torin1 reduced α2M*-induced protein synthesis ~ twofold (Figure
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Figure 2. Torin1 inhibits α2M*-induced DNA synthesis in
prostate cancer cell. The bars in the diagram are: (1) buffer;
(2) α2M* (50 pM); (3) Torin1 (250 nM/2 h); and (4) Torin1
then α2M*. The incorporation of [3H]thymidine into cells is
expressed as fmol incorporated/mg protein and is the mean
± SE from three experiments. Values significantly different
from α2M* treated cells are marked with an asterisk (*).

1) and DNA synthesis ~1.8-fold, both statistically significant effects (Figure 2). Similar reductions in α2M*induced increased protein and DNA synthesis were observed in cells pretreated with inhibitors of MAPK, PI
3-kinase and mTOR. Down regulation of cell surface
GRP78 with either RNAi or pretreatment of cells with
antibodies against the carboxyl-terminal domain of
GRP78 also caused severe reductions in α2M*-induced
protein and DNA synthesis which were comparable to
those observed in Torin1 treated cells [3-12,46,48]. Since
Torin1 inhibits both mTORC1 and mTORC2 complexes,
one can suggest that like mTORC1, mTORC2 plays a
role in cell proliferation. There is increasing evidence
that mTORC2 plays an important role in promoting tumorigenesis. Many gliomas overexpress Rictor and forced
expression of Rictor promotes mTORC2 assembly and
activity and endows cancer cells with increased proliferative and invasive potential [32,49].

3.2. α2M- and Insulin-Induced Activation of
mTORC1 and Phosphorylation of Its
Downstream Effectors S6K1 and 4EBP1 Is
Inhibited by Torin

Figure 1. Inhibition of α2M*-induced protein synthesis by
Torin-1 in prostate cancer cells.Bars in the diagram are: (1)
buffer; (2) α2M* (50 pM); (3) Torin1 (250 nM/2h); and (4)
Torin1 then α2M*. The incorporation of [3H]leucine into
cell proteins is expressed as fmol incorporated/mg protein,
and is the mean ± SE from three experiments. Values significantly different at the 5% level from α2M*-treated cells
are marked with an asterisk (*).
Copyright © 2013 SciRes.

mTOR controlled protein biosynthesis is coordinately
regulated by the mTORC1-4EBP1 axis [27-33]. The
mTORC1-4EBP1 axis controls steps in initiation of
cap-dependent translocation by assembling the eIF4E
complexes [see 30-33 and references therein]. mTORC1
is activated by insulin, α2M*, and other growth factors
via a PI-3-kinase-controlled pathway involving Akt-mediated phosphorylation of PRAS40 and Tsc1/2 and activation of Rheb·GTPase [see 27,28,29, and references
therein]. The role of the mTORC1-S6K axis in translational control is less defined [30-33]. In response to
JCT
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mTORC1 activating stimuli, mTORC1 binds to eIF3
where it phosphorylates S6K and 4EBP1. mTORC1mediated phosphorylation of 4EBP1 induces its dissociation from eIF4E and dissociation of S6K from eIF3.
4EBP1 dissociation enables binding of eIF4G to eIF4E
and recruitment of eIF4A and formation of eIF4F complex composed of eIF4G and eIF4A. This complex then
recruits 40S ribosomes and ternary complexes composed
of eI4FE, met-tRNA and GTP to the 5’-cap to form the
48S translation pre-initiation complex. Upon mTORC1mediated dissociation of S6K1 from eIF3, active S6K
phosphorylates several substrates that function in translation initiation as well as other steps that drive protein
synthesis [see 30,31 and references therein]. Deregulation of protein synthesis down stream of mTORC1 at the
level of 4EBP1/eIF4E plays a role in tumor formation.
Loss of 4EBP1/2 and concomitant activation of cap-dependent translation promotes cell cycle progression and
cell proliferation [30,31]. 4EBP1/eIF4E also mediates the
effect of Akt signaling in mRNA translation, cell growth
and tumor progression. eIF4E affects proliferation and
tumorigenesis by promoting the translation specific
mRNAs coding pro-oncogenic proteins regulating cell
survival, cell cycle progression, angiogenesis, energy
metabolism, and metastasis [32]. Expression of eIF4E is
elevated in a large number of malignancies including
breast, colon, and prostate cancer [see 30-33]. Hyperactivation of eIF4E in cancer is consequence of upregulation of its expression and/or alterations in signaling
pathways that are frequently impaired in cancer. eIF4E
levels are highly elevated in human prostate cancer
where they positively correlate with Gleason scores [50].
eIF4E binding protein 4EBP1/2 controls the activity of
eIF4E by binding to the same site as eIF4G, thus preventing association of eIF4E with eIF4G and eIF4F
complex assembly which reduces cap-dependent association of eIF4E with eIF4G and eIF4F complex assembly
which reduces cap-dependent translation initiation.
mTORC1 phosphorylates 4EBPs causing their dissociation from eIF4E [see 30-33]. Activation mTORC1 leads
to phosphorylation of 4EBP1 on Thr37 and Thr46 which

(a)

promotes its phosphorylation on Thr70 and Ser65 leading
to its dissociation from eIF4E. In the preceding section
we demonstrate that α2M*-induced cellular proliferation
as measured by protein and DNA synthesis is strongly
inhibited by the Torin1 (Figures 1 and 2). Since the
mTORC1 complex controls protein biosynthesis by activating its direct downstream effectors S6K and 4EBP1
byphosphorylation, we next determined the effect of
preincubating cells with Torin1 on α2M*-induced phosphorylation of S6Kand 4EBP1 in prostate cancer cell.
Insulin is widely used in studies on mTORC1 and
mTORC2 signaling in various contexts; therefore, we
have used insulin as a positive control in these studies.
Pretreatment of prostate cancer cells with Torin1 nearly
abolished α2M*-induced phosphorylation of S6K at
Thr389 and 4EBP1 at Thr37 and Thr46 as measured by
Western blotting (Figures 3(a) and (b)). Pretreatment of
cells with Torin1 also reduced insulin-dependent phosphorylation of S6K1at Thr389 and 4EBP1 at Thr37 and
Thr46. We also evaluated the specificity of α2M*- and
insulin-induced phosphorylation of S6K and 4EBP1 by
Torin1 in Raptor immunoprecipitates by assay of
mTORC1 kinase activity (Figure 4). Torin1 treatment
completely blocked mTORC1 kinase activity as determined by autoradiographic analyses of S6K and 4EBP1
phosphorylation in α2M* and insulin-stimulated cells
(Figures 4(a)-(d)). Rapamycin only partially inhibits the
phosphorylation of 4EBP1 [35-41]. The presence of numerous negative feedback loops in mTOR pathway may
contribute to limit the efficacy of rapalogs [35-41].
ATP-competitive inhibitors of mTOR block the phosphorylation of all known downstream targets of
mTORC1 and mTORC2. These inhibitors impair cell
growth and proliferation in vitro and tumor growth in
vivo to a much greater degree than rapamycin [see 32]. In
mTORC2 deficient cells active site inhibitors cause a
greater reduction in proliferation than rapamycin. These
inhibitors unlike rapamycin, completely block 4EBP1
phosphorylation which results in greater inhibition of
cap-dependent translation. mTOR kinase inhibitor inducessignificantly broader transcriptional responses than

(b)

Figure 3. Inhibition of mTORC1 kinase as determined by phosphorylation of S6K at T389 and 4EBP1 at T37/42 by Torin in
Raptor immunoprecipitates of 1-LN cells stimulated with α2M* or insulin by Western blotting. A representative immunoblot
of p-S6KT389 and p-4EBP1T37/42 from three experiments is shown. The lanes in left panel are: (1) buffer; (2) α2M* (50 pM/25
min); (3) Torin1 (250 nM/2 h); and (4) Torin1 then α2M*. The lanes in right panel are: (1) Buffer; (2) Insulin (200 nM/15 min);
(3) Torin1 (250 nM/2 h); and (4) Torin1 then insulin.
Copyright © 2013 SciRes.
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(a)

(b)

(c)

(d)
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Figure 4. Inhibition of mTORC1 kinase by Torin in Raptor immunoprecipitates of 1-LN cells treated withα2M* and insulin
by kinase assay. The bars in left panel are: (1) Buffer; (2) α2M* (50 pM/25 min); (3) Torin1 (250 nM/2h); and (4) Torin1 then
α2M*. The bars in right panel are: (1) Buffer; (2) Insulin (200 nM/15 min); (3) Torin (250 nM/2 h); and (4) Torin then insulin.
The incorporation of [33P]-γ-ATP into S6K and 4EBP1 in both panels are estimated by autoradiography is expressed in arbitrary units and is the mean ± SE from 3 - 4 experiments. A representative autoradiograph of p-S6K and p-4EBP1 from 3 - 4
experiments is shown below the respective bars diagram. Values significantly different from α2Mor insulin-treated cells at the
5% level are marked by an asterisk (*).

rapamycin. Many genes with roles in tumor biology and
metabolism are only affected by complete mTOR inhibition [51].

3.3. Torin1 Inhibits α2M*- and Insulin-Induced
Phosphorylation of Akt at Thr308 and Ser473
Residues in Prostate Cancer Cells
In our earlier reports we have shown that stimulation of
prostate cancer cells with α2M*-promoted cell growth,
cell proliferation and cell survival by activating Ras/
PI3-kinase/Akt/mTORC1 or mTORC2 signaling similar to that of insulin treatment [3-12]. Phosphorylation of
Akt at Ser473 was inhibited by PI 3-kinase inhibitors but
not that by acute treatment of rapamycin [3-12]. In view
of the critical importance of AktS473 in cell proliferation
and survival and ineffectiveness of rapamycin in inhibiting AktS473 phosphorylation, active site inhibitors of
Copyright © 2013 SciRes.

mTOR have been used and shown to completely inhibit
phosphorylation of Akt on Thr308 and Ser473 sites [35-41].
In this study we have measured full activation of Akt by
quantifying levels of p-AktThr308 and p-AktSer473 by Western blotting in prostate cancer cells pretreated with
Torin1 prior to stimulation with α2M* or insulin (Figures
5(a)-(d)). We have also measured mTORC2 activation
by phosphorylation of Akt on Ser473 residue in Rictor
immunoprecipitates of 1-LN cells pretreated with Torin1
and stimulated with α2M* or insulin (Figure 6). Torin1
significantly inhibited α2M* or insulin-induced phosphoprotein levels of p-AktThr308 and p-AktSer473 (Figure 5) as
well as mTORC2 activity as measured by kinase assay
(Figure 6). These results are similar to those reported in
literature on inhibition of malignant cell growth, cell proliferation and mTOR Torin. We conclude that like antibodies againstthe carboxyl-terminal domainof GRP78 (an
upstream inhibitor) Torin1 (a downstream inhibitor) efJCT
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fectively inhibits α2M*-induced cellular growth and proliferation of prostate cancer cells exhibiting GPR78 on
their cell surface.

4. Discussion
Human α2-macroglobulin (α2M) is a tetrameric protein
consisting of four identical Mr ~ 189,000 subunits. It is a
broad spectrum proteinase inhibitor expressed in all
mammals. α2M is synthesized by many cells including
hepatocytes and macrophages [1]. Tumors and their
stroma also produce α2M and various proteinases. Prostate
cancer stroma secretes a large amount ofα2M which is
linked to tumor growth [see 7 and references therein].
The circulating concentration of α2M is proximately about
1 - 5 μM and its proteinase activated form, α2M*, may
comprise ~10% of the α2M pool. Through coupling of
GRP78 with several classes of G proteins, α2M* triggers
pro-proliferative, pro-survival and pro-migratory signaling cascades in tumor cells [see 3-12]. In view of the
pivotal importance of mTOR signaling in malignant cell
proliferation and metastasis, we have studied the effect of
Torin1 on α2M*-induced cellular proliferation in 1-LN
prostate cancer cells. The salient point of this study are:
(1) Torin1 inhibited α2M*-induced 1-LN prostate cancer
cell growth as determined by protein and DNA synthesis;
(2) Torin1 inhibited α2M*-induced mTORC1 activation
as measured by levels of p-S6KT389 and p-4EBP1T37/42 by
immunoblotting and mTOR kinase assays; (3) Torin1
inhibited α2M*-induced increased phosphorylation of
Akt1 at Thr308 and Ser473 as measured by immunoblotting;
and (4) Torin1 inhibited α2M*-induced activation of
mTORC2 as measured by phosphorylation of Akt at
Ser473 by kinase assay of Rictor immunoprecipitates.
Genetic and pharmacological studies have shown that
mTORC1 activation promotes cell proliferation and the
mTOR pathway is important in cancer pathogenesis [see

29-33]. Many components of PI 3-kinase signaling
pathway upstream of mTORC1 and mTORC2 are mutated in human cancers. The loss of p53 also promotes
mTORC1 activation. Hyperactivation of mTOR signaling frequently occurs in cancer, therefore targeting
mTOR is one of the most attractive anticancer therapeutic strategies in the treatment of cancer. Rapamycin and
rapalogs are first generation inhibitors of mTOR [35-41,
52]. Second generation mTOR inhibitors are small
molecule that target the kinase domain of mTOR and
inhibit both mTORC1 and mTORC2 complexes. In recent years several potent and selective ATP-competitive mTOR inhibitors such as Torin1 [39], PP242 [38],
KU63794 [40], and WYE354 [41] have been developed.
Enzymatic and cellular assays show that all four compounds are potent inhibitors of mTORC1 and mTORC2,
with Torin1 exhibiting ~20 fold greater potency for inhibition of mTORC1 relative to other inhibitors. Torin1
also shows a sustained inhibition of mTOR at nM concentrations compared to others and very few off target
effects [53]. Many gliomas overexpress Rictor and over
expression of Rictor promotes mTORC2 assembly and
activity endowing cancer cells with increased proliferative and invasive potential [32,49].

Figure 5. Inhibition ofα2M* and insulin-induced phosphorylation of Akt at T308 and S473 residues by Torin in
1-LN cells by Western blotting. The treatment of cells is as
in Figures 3 and 4. A representative immunoblot of Akt
phosphorylated at T308 and S473 from 3 - 4 experiments is
shown.

Figure 6. A bar diagram showing Torin1 inhibition of mTORC2 activation in α2M* or insulin stimulated 1-LN prostate cancer cells as determined by phosphorylation of Akt at S473 by kinase assay. The treatment of cells is as in Figure 5. The activation of mTORC2 is expressed as fmol [33P]-γ-ATP incorporated/mg protein and is the mean ± SE from 3 - 4 experiments.
Values significantly different from treated cells at the 5% level are marked with an asterisk (*).
Copyright © 2013 SciRes.
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We have previously demonstrated that either α2M*
generated in the local environment of prostate cancer or
an auto-antibody against the α2M* binding site in GRP78
trigger pro-proliferative and anti-apoptotic signaling cascades [7]. Studies by Arap et al. and in our laboratory
demonstrate that the occurrence of these auto-antibodies
in the serum of patients with prostate cancer correlate
with a poor disease outcome [14,15]. More recently we
have demonstrated that α2M* activates both mTORC1
and mTORC2 pathways [11]. This leads us to conclude
that inhibitors which target only mTORC1 may not be
significantly effective in treating prostate cancer.
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