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While cancer cell mitochondria mediate actions of many successful chemotherapeutics, little is known
about mitochondrial response in mTOR-targeted anticancer therapy. We have studied mitochondrial
dynamics in relation to growth suppression employing an allosteric inhibitor rapalog, a highly selective
mTOR kinase inhibitor (mTOR-KI) and mTOR-ShRNA. Global targeting of mTOR increased mitochondrial
membrane potential (mDw) and inhibited mitochondrial permeability transition pore (mPTP). Impor-
tantly, these mTOR-KI-provoked anti-survival and pro-survival effects were differentially manifested in
diverse cancer cells according to intrinsic susceptibility to mTOR-targeting. The most-sensitive cells
including those possessing hyperactive PI3K/AKT/mTOR and/or growth factor-dependence (LNCap,
MDA361 and MG63) all displayed a dramatic increase in mDw, whereas the mDw increase was not
evident in majority of resistant cancer cells. Upon mTOR-KI treatment, the resistant cells including those
harboring K-Ras- or B-Raf mutation (MDA231, HT29 and HCT116) all displayed a markedly reduced mPTP
opening, which paralleled a sustained AKT-hexokinase 2 (HK2) survival signaling and persistent
phosphorylation (inactivation) of GSK3b. Further studies demonstrated that the mTOR-KI-provoked
mPTP closure in resistant cells was mediated through an enhanced binding of HK2 to the mitochondrial
voltage-dependent anion channel (VDAC), a molecular mechanism known to promote mPTP closure and
cell survival. Detaching HK2 from VDAC by an HK2-displacing peptide or methyl jasmonate specifically
blocked the mTOR-KI-provoked mPTP closure and potentiated growth suppression in resistant cells.
Thus, mTOR-inhibition can exert complex and differential perturbation to mitochondrial dynamics in
cancer cells, which likely influence therapeutic outcome of mTOR-targeted therapy.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The mechanistic target of rapamycin (mTOR) plays a central
role in cellular translation, cell growth and energy metabolism
[1,2]. In mammals mTOR exists in two multiprotein complexes,
mTORC1 and mTORC2. mTORC1 is sensitive to rapamycin, whereas
mTORC2 is insensitive to rapamycin in some settings. mTORC1 reg-
ulates protein translation by phosphorylating 4E-BP1 and S6K1,
whereas mTORC2 phosphorylates several AGC kinases such as
AKT, SGK, and PKC-a. mTOR acts as a central regulator of metabolic
homeostasis by sensing and integrating nutrient availability and
growth factor signals. Previous studies have demonstrated that
rapamycin treatment reduced glycolysis and lipid synthesis, and
increased lipolysis and lipid oxidation in many tissues [3].

mTOR plays an increasingly important role in mitochondrial
dynamics. Rapamycin treatment or knockdown of mTOR in muscle
cells in vitro demonstrated a repression of mitochondrial gene
expression [4]. The level of mTORC1 correlates with overall mito-
chondrial function, G0–G1 progression of cell cycle and cell differ-
entiation [5–7]. Additional studies demonstrated that mTOR is
present in mitochondria and regulates mitochondrial phosphopro-
teome [5,8].

Much less is known about mTOR function in cancer cell mito-
chondrial dynamics. More recent studies have suggested that
mTORC2-AKT axis mediates growth factor signaling at mitochon-
dria-associated endoplasmic reticulum membranes [9] and subsets
of mTORC2-dysregulated cancer cells are more dependent on mito-
chondria [10]. mTOR binds and regulates the voltage-dependent
anion channel (VDAC) proteins [11], which are situated in the outer
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mitochondrial membrane (OMM) and are a key component of the
mitochondrial permeability transition pore (mPTP). The mTORC2-
AKT also promotes phosphorylation of hexokinase 2 (HK2) and en-
hances HK2 binding to VDAC thereby enhancing aerobic glycolysis
and survival in cancer cells [12].

We previously reported the molecular profile of WYE-132, a
highly potent and specific mTOR kinase inhibitor (mTOR-KI) [13].
WYE-132 and related mTOR-KIs globally target mTORC1 and
mTORC2 and are mechanistically differentiated from the clinically
used rapamycin-like drugs (rapalogs) which partially inhibit mTOR
[14]. We found that mTOR-KIs are generally stronger growth inhib-
itors than rapalogs. Meanwhile, these compounds still elicited
rather variable anti-proliferative responses when assayed in cell
lines of diverse cancer types. Employing WYE-132, the rapalog
CCI-779 and mTOR-targeting shRNA, we have studied novel roles
of mTOR in mitochondrial function in diverse cancer cells in rela-
tion to antitumor activity. Our results demonstrate that global tar-
geting of mTOR caused both anti-survival and pro-survival
mitochondrial responses, which were differentially manifested in
diverse cancer cells according to their intrinsic susceptibility to
mTOR inhibition.
2. Materials and methods

2.1. Chemicals and shRNA

WYE-132 and CCI-779 were provided by Wyeth Chemistry and
purchased from BiochemPartner (Shanghai) for work at Wyeth and
Fudan University, respectively. UO126 and cisplatin (BiochemPart-
ner), methyl jasmonate (Sigma), cell-permeable form of HXK2VBD
(CalBiochem) were purchased. GIPZ shRNAs of non-targeting and
mTOR (Open Biosystems) were validated according to manufac-
turer’s instruction. Cells were infected with viral particles, selected
under puromycin for 3–5 days then used in various studies.
2.2. Cell culture and growth assay

A498, LNCap, MDA361, MG63, MDA231, HCT116 and HT29 cells
(ATCC) were maintained with standard culture methods using cell
culture reagents (GIBCO). Cells were seeded in 96-well plates and
treated with inhibitors alone or in combination in triplicates. Cell
viability was measured 3 days later by MTS cell titer 96 Aqueous
one solution cell proliferation assay (Promega), measured by
absorbance at 490 nm.
2.3. Mitochondrial membrane potential (mDw)

mDw was assessed using 5,50,6,60-tetrachloro-1,10,3,30-tetraeth-
ylbenzimidazole carbocyanide iodide (JC-1; Invitrogen). Cells were
grown until 90% confluence and treated with inhibitors as indi-
cated. Cells were washed with PBS and incubated at 37 �C for
15 min with 6.5 lM JC-1 in serum-free media in the dark. J-aggre-
gates were monitored using fluorescent microscope.
2.4. mPTP permeability assay

Permeability of mPTP was measured using Image-iT™ mito-
chondrial transition pore assay kit (Invitrogen). Principle of the as-
say is described previously [15]. In dye post-loading protocol, cells
were treated with inhibitors for 1 h, washed with PBS and incu-
bated with 1 lM calcein AM and 1 mM CoCl2 in the modified HBSS
buffer for 15 min at 37 �C. mPTP permeability change was assessed
by measuring calcein fluorescence intensity. In dye pre-loading
protocol, calcein/CoCl2 pre-loaded cells were treated with
inhibitors, and the opening of mPTP was induced by 250 lM iono-
mycin for 30 min prior to fluorescence intensity measurement.

2.5. O2 consumption

Cells grown in culture flasks were trypsinized, resuspended in
glucose-free DMEM with 10% dialyzed FBS. Cell suspension was
aliquoted and inhibitors were added to each aliquot. After 1 h of
incubation, cell suspension was measured for O2 consumption rate
as described [13].

2.6. Immunofluorescent staining

A498 cells grown on cover-slips were fixed with 3.7% formalde-
hyde, blocked with 10% FBS in PBS for 30 min, stained with 2 lg/ml
mouse anti-VDAC1 and goat anti-HK2 (Santa Cruz) in blocking buf-
fer for 1 h. The cells were rinsed with PBS, stained with Alexa
fluor� 488-conjugated donkey anti-goat IgG or anti-rabbit IgG
(Invitrogen) and Alexa fluor� 594-conjugated donkey anti-mouse
IgG (Invitrogen) for 30 min at room temperature, rinsed with PBS
and mounted in Prolong Antifade (Invitrogen). The cells were ob-
served with a confocal immunofluorescent microscope using a
60� plan objective.

2.7. Immunoprecipitation and immunoblotting

A498 cells were treated with inhibitors for 1 h, lysed in 20 mM
HEPES (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.1% CHAPS, 1 mM DTT
and harvested by scraping. Clear lysates were combined with 2 lg
of anti-HK2 antibody (CST) and rocked overnight at 4 �C. 15 ll
(packed gel) of protein A/G agarose (Pierce) were added and incu-
bated for 1 h. Immunocomplexes were washed 5� with cell lysis
buffer, resuspended in 30 ll NuPAGE LDS sample buffer (Invitro-
gen) followed by immunoblotting. In other experiments cells were
seeded in 6- or 12-well plates, treated with inhibitors, washed with
PBS and lysed in LDS sample buffer. For mTOR knockdown exper-
iments, puromycin-selected cells were plated and lysed in LDS
sample buffer. Primary antibodies of P-AKT(S473), P-AKT(T308),
AKT, P-GSK3(S21/9), P-4EBP-1(T70), P-S6K1(T389), HK2, mTOR
and cyclin D1 (CST), c-Myc (Santa Cruz), b-actin and GAPDH (Bio-
world) were obtained.
3. Results

3.1. mTOR-KI elicits differential responses in growth suppression in
diverse cancer lines

Rapalog therapy such as Torisel/CCI-779 is already used clini-
cally for treating renal cell carcinoma (RCC). In proliferation assay
of a commonly used RCC A498 line, mTOR-KI WYE-132 elicited a
deeper inhibition than CCI-779 in a wide dose range (Fig. 1A) cor-
relating a stronger reduction of cyclin D1 and G0–G1 cell cycle pro-
gression (not shown). Despite being a stronger inhibitor than the
rapalog, WYE-132 elicited rather variable responses when assayed
in cell lines of diverse cancer types, which was indicated by both
the inhibition concentration 50 (IC50) and inhibition concentration
90 (IC90) values (Fig. 1B). The most sensitive LNCap prostate,
MDA361 breast and MG63 osteosarcoma cells were all 90% inhib-
ited with IC90 values <0.5 lM, while several resistant lines A498
RCC, MDA231 breast, HCT116 and HT29 colon tumor cells dis-
played IC90 values of 20 lM or higher (Fig. 1B). Immunoblotting
analysis with WYE-132-treated MDA361, MG63, HCT116 and
HT29 cells showed that both mTORC1 substrate P-S6K(T389) and
mTORC2 substrate P-AKT(S473) were potently inhibited in all
cell lines, while the growth oncogene c-Myc was only potently
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Fig. 1. mTOR-targeting elicits differential responses in growth suppression in diverse cancer lines. (A) Growth inhibition dose curves A498 cells after treatment with various
doses of CCI-779 and WYE-132 for 3 days. (B) Growth inhibition dose curves of various cell lines after treatment with various doses of WYE-132 for 3 days. The dashed lines
mark 50% and 90% growth inhibition, and the red- and blue circle denote the sensitive- and resistant cell group. (C) MDA361, MG63, HCT116 and HT29 cells were plated in 6-
well culture plates, treated with inhibitors for 6 h, then immunoblotted. (D) MDA361 and HT29 were treated with 1 lM WYE-132 (WYE) or oligomycin (OM) for 1 h and O2

consumption rate was measured for a period of 4 h.

186 J.E. Kim et al. / Biochemical and Biophysical Research Communications 447 (2014) 184–191
inhibited in sensitive lines MDA361 and MG63 (Fig. 1C). WYE-132
acutely and more substantially reduced oxygen consumption rate
in the sensitive MDA361 as compared to the resistant HT29
(Fig. 1D). Therefore, WYE-132 entered into cells and targeted
mTORC1- and mTORC2-biomarkers similarly in all cells but elicited
quite different antitumor activity in sensitive and resistant tumor
cells.
3.2. A massive increase in mitochondrial membrane potential (mDw)
reflects growth inhibition susceptibility to mTOR-inhibition

Having established the variable cellular responses to mTOR-KI,
we wished to examine mitochondrial dynamics in relation to
growth suppression. We first asked whether WYE-132 or CCI-779
treatment influences mitochondrial energetic status as measured
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by the relative membrane potential across the inner membrane
of mitochondria (mDw). We stained live cells with JC-1 that
forms fluorescent J-aggregates when mitochondrial membrane
hyperpolarizes. In A498 RCC cells, while 1 lM CCI-779 had little
effect, 1 lM WYE-132 caused an occasional formation of J-
aggregates in small portion of treated-cells and JC-1-staining
was not detected with 30 lM UO126 (MEK inhibition) or cis-
platin (Fig. 2A). Significantly, following treatment with 1 lM
Fig. 2. WYE-132 elicits an increased Dwm reflecting growth inhibition susceptibility to
indicated inhibitors for 16 h. (B) MDA361, MG63, LNCap, MDA231, HT29 and HCT116 cel
with JC-1 as described in Section 2 and were taken in light- and fluorescent images.
WYE-132, all of the most-sensitive LNCap, MDA361 and MG63
cells displayed a massive increase in mDw as shown by the J-
aggregates appeared in nearly all treated population (Fig. 2B).
In contrast, similar treatment of the resistant MDA231, HT29
and HCT116 cells with 1 lM WYE-132 showed little increase
in mDw (Fig. 2B). As the result with A498 cells, treatment of
these 6 cell lines with 30 lM UO126 did not induce mDw
(Fig. 2B).
mTOR inhibition. (A) A498 cells were plated in 12-well plates, treated with the
ls were similarly plated, treated as indicated for 16 h. The treated cells were stained
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3.3. mTOR-knockdown leads to a dramatic increase of mDw in mTOR-
KI-sensitive cells

We next conducted mTOR knockdown via shRNA in 4 represen-
tative sensitive and resistant lines. Levels of mTOR were reduced in
sh-mTOR-transfected cells (Fig. 3A), which paralleled a deeper
growth suppression in MDA361 and MG63 cells compared to that
of MDA231 and HT29 cells (Fig. 3B). Remarkably, down-modula-
tion of mTOR selectively increased mDw in MDA361 and MG63
but not in MDA231 and HT29 cells (Fig. 3C). In MDA361 and
MG63 cells, formation of J-aggregates was detected in nearly
100% of the mTOR-shRNA-expressing cells (Fig. 3C). The results
in Figs. 2 and 3 collectively demonstrate that global suppression
of mTOR leads to a substantial increase of mDw in the mTOR-KI-
susceptible cancer cells, which may be mechanistically linked to
antitumor efficacy response.

3.4. The mTOR-KI-provoked mPTP closure reflects cellular resistance to
mTOR-targeting and involves an enhanced HK2-VDAC association

mPTP opening is often involved in cellular response to chemo-
therapeutic drugs and apoptosis [16]. We next examined mPTP
permeability employing mitochondrial calcein fluorescence after
quenching with CoCl2 [15]. Calcein co-loaded with CoCl2 was visu-
alized as compartmented bodies and localized in the mitochondria
Fig. 3. mTOR-depletion elicits an increased mitochondrial Dwm in the mTOR-KI-sensitive
corresponding to non-targeting (Sh-NT) or mTOR-targeting (Sh-mTOR). Puromycin-
immunoblotting (A) and cell growth measurement 4–6 days later via counting GFP-posit
to JC-1 and GFP fluorescent images.
as confirmed by co-staining with MitoTracker (not shown). In a
quantitative plate assay with A498 cells, while CCI-779 had a mod-
erate effect, 0.1 and 1 lM WYE-132 dose dependently inhibited
mPTP (higher calcein fluorescence), comparable to that of 10 lM
cyclosporine A (CsA), a known blocker of mPTP via targeting cyclo-
philin D (Cyp-D) of the inner membrane (Fig. 4A, left) [17]. In cal-
cein/CoCl2 pre-loaded A498 cells, ionomycin-induced loss of
calcein fluorescence (pore opening) was also significantly inhibited
by 100 nM WYE-132 and 10 lM CsA but minimally by 100 nM CCI-
779 (Fig. 4A, right). These data indicate that mPTP opening in A498
cells is reduced after mTOR-KI treatment. We next performed cal-
cein/CoCl2 assays in same panel of sensitive and resistant cells.
Strikingly, a reduced mPTP opening was most prominently ob-
served (P < 0.05) in HT29, HCT116 and MDA231, whereas
MDA361 and MG63 showed modest changes (Fig. 4B). Since mPTP
closure is previously linked to AKT survival pathway via activation
of HK2 [18,19] and inactivating-phosphorylation of GSK3b [20,21],
AKT signaling may respond differently in these cells. After 24 h
treatment of MDA361, MG63, HT29 and HCT116 cells with WYE-
132, while the mTORC2 biomarker P-AKT(S473) was invariably
inhibited, there was a highly significant elevation in P-AKT(T308)
in HT29 and HCT116 but not in MDA361 and MG63 cells
(Fig. 4C). Likewise, inactivating P-GSK3b(S9/21) was significantly
reduced in MDA361 and MG63 but not in HT29 and HCT116 cells
(Fig. 4C). WYE-132 treatment for 24 h also substantially reduced
cells. MDA361, MG63, HT29 and HCT116 cells were infected with GIPZ-Sh lentivirus
resistant cells (GFP positive) were plated in 12-well plates then subjected to
ive cells (B). (C) Cells similarly plated as in (A) were stained with JC-1 and subjected



Fig. 4. The mTOR-KI-provoked mPTP closure reflects cellular resistance to mTOR-targeting and involves an enhanced HK2-VDAC association. (A) Dye post-loading (left) and
dye pre-loading (right) mPTP permeability assays of A498 cells after treatment for 1 h with the indicated inhibitors. Pore permeability was assessed with fluorescent plate
reading. (B) MDA361, MG63, HT29, HCT116 and MDA231 cells were treated with vehicle or 1 lM WYE-132 for 1 h then subjected to mPTP permeability measurements
similarly as in (A). (C and D) Cells of MDA361, MG63, HT29, HCT116 and A498 were plated in 6-well plates, treated with the indicated inhibitors for 24 h then subjected to
immunoblotting. (E) A498 cells were treated with either vehicle or 1 lM WYE-132 for 4 h, double-stained with VDAC and HK2 antibody and analyzed by confocal microscopy.
(F) A498 cells were treated with vehicle, 0.2 or 1 lM or WYE-132 for 1 h followed by immunoprecipitation as described in Section 2. The immunocomplex was analyzed by
immunoblotting. (G) A498 and HT29 cells were pretreated without or with 100 lM HXK2VBD or 400 nM MJ for 1 h, followed by treatment with vehicle, 1 lM WYE-132
(WYE) or 10 lM CsA for additional 1 h. The treated cells were subjected to mPTP assay similarly as in (B). (H) A498 and HT29 cells were treated with 0, 250 nM, 500 nM WYE-
132 alone or in combination with the indicated doses of MJ for 3 days prior to cell growth assays.
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HK2 expression in MDA361 and MG63 cells but not in A498, HT29
and HCT116 cells that displayed a reduced mPTP permeability
(Fig. 4D). These results indicate that the mTOR-KI-provoked mPTP
closure reflects cellular resistance to mTOR-targeting, which likely
involves a feedback reactivation of AKT signaling, persistent inacti-
vation of GSK3b and persistent HK2 expression in resistant cells.

Since mPTP permeability largely depends on VDAC, a main
constitute of mPTP and its conductance is reduced via HK2 binding,
we studied whether HK2-VDAC interaction may change after
mTOR-inhibition. We chose A498 for these studies for its technical
feasibility. Upon WYE-132 treatment, VDAC foci became highly
prominent, which were predominantly co-localized with adenine
nucleotide translocase 1, an inner membrane component of mPTP
(not shown). Because it is well documented that HK2 binds to
mitochondria through its interaction with VDAC [12,22,23], we
examined the HK2-VDAC association by co-immunostaining. HK2
occasionally formed dot-like structure and a part of dots co-local-
ized to VDAC foci. Upon WYE-132 treatment, formation of the HK2
dot-like structures became highly pronounced and majority of
these structures co-localized to the VDAC foci (Fig. 4E). In co-
immunoprecipitation assays, protein lysates from WYE-132-trea-
ted cells exhibited a significantly enhanced co-precipitation of
VDAC with HK2 compared to that of vehicle-treated cells
(Fig. 4F). We conclude from these results that mTOR-inhibition in-
duces an increased recruitment of HK2 to VDAC in mitochondria,
which is molecularly linked to the mPTP closure in mTOR-KI-resis-
tant cells. To further examine the functional relevance of these
findings, we analyzed the effects of an HK2-displacing peptide
HXK2VBD and a natural product compound methyl jasmonate
(MJ), both of which are known to block HK2-VADC association
[22,23]. Pre-incubation of A498 or HT29 cells with either HXK2VBD
or MJ completely blocked the WYE-132 effect on mPTP closure
(Fig. 4G). As expected, HXK2VBD and MJ did not block the CsA-in-
duced mPTP closure as CsA targets CyP-D independently from
HK2-VDAC (Fig. 4G). Because the mPTP closure was most promi-
nent in resistant cells, we tested whether MJ may enhance WYE-
132’s growth-inhibition in these cells. In both A498 and HT29 cells,
while low nanomolar concentrations of MJ alone showed a moder-
ate reduction in cell proliferation, it potentiated anti-proliferative
activity of WYE-132, with up to 80% inhibition of A498 cell growth
(Fig. 4H). Interestingly, MJ did not enhance WYE-132-drug sensi-
tivity in cells that did not show prominent mPTP closure response
(not shown). Collectively, the results in Fig. 4 indicate that the en-
hanced association of HK2-VDAC is mechanistically linked to the
WYE-132-provoked mPTP reduction and the differential modula-
tion of mPTP status by WYE-132 in various cancer cells contributes
to therapeutic resistance to mTOR inhibition.

4. Discussion

Although rapalogs are already used clinically for several cancer
types, their efficacy may be limited due to incomplete suppression
of mTOR. Accordingly, new generation of mTOR kinase inhibitors
have entered patient trials. To facilitate these efforts, it is not only
necessary to investigate the new, rapalog-resistant mechanisms of
mTOR but also critical to identify cancer types and underlying re-
sponse biomarkers that will most benefit from mTOR-targeted
treatments. The questions are raised as to how mTOR regulates
mitochondrial dynamics in different cancer types under complex
tumor signaling pathways and whether mitochondrial response
plays a role in therapeutic outcome of mTOR-targeted therapy.

We have demonstrated that the global targeting of mTOR re-
sulted in a profound increase of mDw. This effect was specific to
mTOR-targeting as it was not observed in the same cells inhibited
for the MEK/ERK pathway. The increase in mDw was highly evi-
dent in a subset of histologically diverse cancer cells that were
most-sensitive to growth inhibition by WYE-132 and other selec-
tive mTOR-KIs such as AZD8055. In the most-sensitive cells,
1 lM CCI-779 also induced a moderate but significant increase of
mDw (not shown). This result is in line with a previous report
showing that rapamycin-treatment leads to an increased mDw in
MCF7 cells, which correlates with autophagy and decreased cell
survival [24]. Additionally, we found that inhibition of ALK onco-
genic signaling in EML4-ALK oncogene-driven H2228 lung cancer
cells by crizotinib leads to a dramatic increase in JC-1 fluorescence,
to a level comparable to that by AZD8055 [25]. While further stud-
ies are required to delineate biochemical mechanism underlying
this important mitochondrial response to mTOR-inhibition, a re-
cent study showed that GSK3b inhibitors decreased mDw in
HepG2 cells [26]. In our studies, mTOR-KIs caused dephosphoryla-
tion (activation) of GSK3b in the sensitive cells paralleling the in-
crease of mDw, which was minimally observed in the most-
resistant cells. It is thought that the prolonged hyperpolarization
of mitochondria is detrimental and likely explains the exquisite
growth inhibition sensitivity of these cells in response to mTOR-
KI treatment. mTOR-KIs also provoked a decrease in mPTP perme-
ability, a mitochondrial response known to promote survival
[16,19,20]. Interestingly, this survival response was most promi-
nently observed in the mTOR-KI-resistant cells and was not evi-
dent in cells that are highly susceptible to mTOR-KI growth
suppression. Although the precise mechanism for the differential
mPTP response in cancer cells remain to be elucidated, previous
studies have established that AKT positively regulates HK2-VDAC
association favoring mPTP closure [12,18,19] and that growth fac-
tor and/or inactivating phosphorylation of GSK3b could inhibit
mPTP opening [20,21]. We have observed that the mTOR-KI-pro-
voked mPTP closure in HT29 and HCT116 cells was accompanied
by an increase in P-AKT(T308), persistent AKT-HK2 signaling and
persistent phosphorylation (inactivation) of GSK3b. In contrast,
mTOR-KI-treated MDA361 and MG63 cells displayed no such in-
crease in P-AKT(T308) and demonstrated a substantial loss of
HK2 expression and a decrease in GSK3b phosphorylation leading
to an increased GSK3b activity. These cells elicited either mPTP
opening (MDA361) or no change (MG63). These results are
therefore consistent with the earlier proposal that mitochondrial
permeability is subject to dynamic regulation in part through
phosphorylation cascades.

The mTOR-KI-provoked mPTP closure was due, at least in part, to
an enhanced interaction between HK2 and VDAC, a protective mech-
anism known to promote mitochondrial integrity and cell survival.
Dissociation of HK2 from VDAC by an HK2-displacing peptide or an
HK2-VADC disrupting compound MJ in the resistant cells completely
blocked the effect of mTOR-KI on mPTP closure and enhanced
growth suppression sensitivity to mTOR-KI. Our data therefore sup-
port a functional relationship among mTOR-KI-provoked mPTP clo-
sure, an enhanced HK2-VDAC association with cellular resistance.

The finding that the mTOR-KI-provoked mitochondrial altera-
tions were differentially manifested in various cancer cells is rele-
vant for mTOR inhibitor therapy. Several cell lines expressing
hyperactive PI3K/AKT/mTOR activity status and/or growth
factor-dependence, including those of LNCap, MDA361, MG63
and additional lines, generally elicited a profound increase in
mDw yet minimal decrease in mPTP permeability in response to
mTOR-KIs, whereas other cell lines carrying oncogenic K-Ras
and/or B-Raf, including those of HCT116, MDA231 and HT29, all
displayed the opposite effects. It is therefore likely that these
common cancer signaling pathways can directly or indirectly
influence mitochondrial homeostasis and metabolic properties
that might be functionally linked to cellular susceptibility to mTOR
inhibition. Our results also point to the complexity of differential
reactivation of AKT survival pathway after mTOR-KI treatment,
which likely contribute to therapeutic outcome.
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