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mTOR Complex 2 Stabilizes Mcl-1 Protein by Suppressing Its
Glycogen Synthase Kinase 3-Dependent and SCF-FBXW7-Mediated
Degradation
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Department of Hematology and Medical Oncology® and Department of Radiation Oncology,” Emory University School of Medicine and Winship Cancer Institute, Atlanta,
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mTOR complex 2 (mMTORC2) regulates cell survival and growth through undefined mechanisms. Mcl-1, a Bcl-2 family protein,
functions as an oncogenic protein. The connection between mTORC2 and Mcl-1 stability has not been established and was thus
the focus of this study. Mcl-1 levels in cancer cells were decreased by mTOR kinase inhibitors (TORKinibs), which inhibit both
mTORGC s, by knocking down rictor and by knocking out rictor or Sinl but not by silencing raptor. TORKinib treatment and ric-
tor knockdown did not alter Mcl-1 mRNA levels but rather decreased its protein stability. Moreover, TORKinib-induced Mcl-1
reduction was rescued by proteasome inhibition. Consistently, TORKinib increased Mcl-1 ubiquitination. Hence, it is clear that
inhibition of mMTORC2 enhances Mcl-1 degradation, resulting in Mcl-1 reduction. Suppression of glycogen synthase kinase 3
(GSK3) or FBXW7 rescued Mcl-1 reduction induced by TORKinibs or rictor knockdown. Thus, mMTORC2 inhibition apparently
induces Mcl-1 degradation through a GSK3-dependent and SCF-FBXW7-mediated mechanism. Intriguingly, we detected a di-
rect association between mTORC2 and SCF-FBXW?7; this association could be inhibited by TORKinib treatment, suggesting that
mTORC2 may directly associate with and inhibit the SCF-FBXW?7 complex, resulting in delayed Mcl-1 degradation. Collectively,

our findings highlight a novel mechanism by which mTORC2 regulates cell survival and growth by stabilizing Mcl-1.

The mammalian target of rapamycin (mTOR) regulates a variety of
biological functions essential for the maintenance of cancer
cell survival and growth by forming two complexes through direct
interaction with different partner proteins: raptor (mTOR complex 1
[mMTORCI]) and rictor (mTORC2) (1,2). mTORCI is well known to
regulate many key cellular processes, including cell growth and me-
tabolism, primarily via regulating cap-dependent protein translation
initiation. However, the biological functions of mTORC2, par-
ticularly those related to regulation of oncogenesis, and under-
lying mechanisms have not been fully elucidated. Nonetheless,
mTOR signaling has emerged as an attractive cancer therapeu-
tic target (3). The conventional allosteric mTOR inhibitors
rapamycin and its analogues (rapalogs) have shown success in
the treatment of a few types of cancer (4, 5). In addition, great
efforts have also been made to develop novel mTOR kinase
inhibitors (TORKinibs) that suppress both mTORCI1 and
mTORC2 activities. As a result, several ATP-competitive in-
hibitors of mTOR kinase such as INK128 and AZD8055 have
been developed and are being tested in clinical trials (5, 6).

Mcl-1 is a well-known Bcl-2 family protein that negatively reg-
ulates apoptosis by binding and sequestering proapoptotic pro-
teins such as Bax, Bak, Noxa, and Bim (7). Its expression can be
controlled at various levels, including transcription, translation,
and posttranslation (7). mTORCI is known to regulate Mcl-1
translation, which contributes to mTORCI1-dependent survival
(8). However, it is unknown whether mTORC2 regulates Mcl-1
expression.

Mcl-1 is a short-lived protein known to undergo ubiquitina-
tion/proteasome-mediated degradation (7). One degradation
mechanism involves glycogen synthase kinase 3 (GSK3), which
phosphorylates Mcl-1 at Ser159, triggering Mcl-1 degradation (9,
10). Mcl-1 phosphorylation at Ser159 facilitates the association of
Mcl-1 with the E3 ligase -transducin repeats-containing protein
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(B-TrCP) or F-box/WD repeat-containing protein 7 (FBXW?7),
resulting in B-TrCP- or FBXW7-mediated ubiquitination and
degradation of Mcl-1 (9, 11, 12). Therefore, GSK3 plays a critical
role in the negative regulation of Mcl-1 stability.

Our recent study has revealed that GSK3 is required for
TORKinibs to decrease cyclin D1 levels by enhancing its deg-
radation and to inhibit the growth of cancer cells both in vitro
and in vivo (13). Moreover, we have shown that inhibition of
mTORC?2 is responsible for GSK3-dependent cyclin D1 degra-
dation induced by TORKinibs (13). In this study, we were in-
terested in determining whether, and by which mechanisms,
mTORC2 regulates Mcl-1 stability and whether inhibition of
mTORC2 triggers GSK3-dependent Mcl-1 degradation. In-
deed, we have demonstrated that mTORC2 stabilizes Mcl-1 by
directly suppressing GSK3-dependent and FBXW7-mediated
protein degradation.

MATERIALS AND METHODS
Reagents. All TORKinibs, the GSK3 inhibitor SB216763, the proteasome

inhibitor MG132, and the protein synthesis inhibitor cycloheximide
(CHX) were the same as described previously (13). The GSK3 inhibitor
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CHIR99021 was purchased from LC Laboratories (Woburn, MA), and
cis-diamminedichloroplatinum(II) (CDDP; cisplatin) was purchased
from Sigma Chemical Co. (St. Louis, MO). Rabbit polyclonal Mcl-1 (sc-
819), S phase kinase-associated protein 1 (Skpl; sc-7163), and p-SGK1
(54225 sc-16745R) polyclonal antibodies and mouse cullin-1 (Cul-1; sc-
70895), Mcl-1 (sc-12756; used for immunoprecipitation [IP]), rictor (sc-
271081; used for IP), and a-tubulin (sc-23948) monoclonal antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Rabbit GSK3a/B and SGK1 monoclonal antibodies were pur-
chased from Upstate/EMD Millipore (Billerica, MA). rictor and raptor
polyclonal antibodies were purchased from Bethyl Laboratories, Inc.
(Montgomery, TX). Expression plasmids in vector pCI carrying wild-
type (WT) and mutant (S159A) human Mcl-1 were provided by X.
Deng (Emory University, Atlanta, GA). The myc-rictor and hemagglu-
tinin (HA)-raptor expression plasmids used were purchased from Ad-
dgene (Cambridge MA).

Cell lines and cell culture. The human non-small-cell lung cancer
(NSCLC) cell lines used in this study, H157-scramble, H157-shRaptor,
H157-shRictor, A549-pLKO.1, A549-shRaptor, and A549-shRictor stable
cell lines, were described in our previous papers (14, 15). The H1299/
Mcl-1 cell line was established previously (16). Immortalized WT and
Rictor knockout (KO) murine embryonic fibroblasts (MEFs) were pro-
vided by M. A. Magnuson (Vanderbilt University Medical Center, Nash-
ville, TN). rictor-KO MEFs with reexpression of myc-rictor (rictor-KO/
rictor) or the matched vector (rictor-KO/vector) were provided by D. D.
Sarbassov (M. D. Anderson Cancer Center, Houston, TX). WT and
Sin1-KO MEFs were provided by B. Su (Yale University School of Medi-
cine, New Haven, CT). HCT116-FBXW7-WT and HCT116-FBXW7-KO
cell lines were kindly provided by B. Vogelstein (Johns Hopkins Univer-
sity School of Medicine, Baltimore, MD). HEK-293T cells were provided
by K. Ye (Emory University, Atlanta, GA). Except for H157 and A549 cells,
which were authenticated by Genetica DNA Laboratories, Inc. (Cincin-
nati, OH), by analyzing short tandem repeat DNA profiles, the other cell
lines have not been authenticated. These cell lines were cultured in RPMI
1640, Dulbecco’s modified Eagle’s medium, or McCoy’s medium con-
taining 5% fetal calf serum at 37°C in a humidified atmosphere of 5% CO,
and 95% air. Plasmid transfection was conducted primarily with HEK-
293T or H1299 cells largely because of their high transfection efficiency.

Cell growth and colony formation assays. Cells were seeded into 96-
well cell culture plates and treated the next day with the agents described.
Viable cell numbers were determined with a sulforhodamine B (SRB)
assay as described previously (17). The combination index (CI) for drug
interaction (e.g., synergy) was calculated with the CompuSyn software
(ComboSyn, Inc., Paramus, NJ). The colony formation assay on plastic
dishes was conducted as described previously (13).

Western blot analysis. Preparation of whole-cell protein lysates and
Western blot analysis were performed as described previously (18).

Gene knockdown by siRNA or small hairpin RNA. The nonsilencing
(control), rictor, raptor, and GSK3a/ small interfering RNAs (siRNAs)
used were the same as those described previously (13). FBXW7, Cul-1,
Skip1, and B-TrCP siRNAs were also described in our previous study (19).
B-TrCP siRNA (sc-37178) is a pool of three different siRNA duplexes
consisting of 5'-GAAGUUAAGUGGUCUGAAATT-3',5'-CCAGUUUG
UUGUAGAAGAATT-3', and 5'-GGAUCUCUAUUGACAAGUATT-3’
that target the 3" untranslated region of five known B-TrCP isoforms,
including isoforms 1, 2, 3, X1, and X2. Transfection of these siRNA du-
plexes was conducted with six-well plates and the Lipofectamine 2000
transfection reagent (Invitrogen, Carlsbad, CA) by following the manu-
facturer’s manual.

IP. IP for detection of Mcl-1 ubiquitination was done as follows.
H1299/Mcl-1 cells were transfected with HA-ubiquitin by using Lipo-
fectamine 2000 transfection reagent (Life Technologies, Grand Island,
NY) in accordance with the manufacturer’s instructions. After 48 h, the
cells were treated with INK128 or INK128 plus MG132 for an additional 4
h. Cells were then collected and lysed in 1% NP-40 buffer (50 mM Tris-Cl
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[pH 7.4], 150 mM NaCl, 2 mM EDTA) supplemented with protease and
phosphatase inhibitors for IP with an anti-Mcl-1 antibody, followed by
detection of ubiquitinated Mcl-1 by Western blot analysis with anti-HA
antibody (Abgent, San Diego, CA). IP for detection of protein interaction
or association was conducted as follows. Cells transfected with the plas-
mids indicated or treated with a TORKinib were lysed in CHAPS buffer
containing 40 mM HEPES (pH 7.5), 120 mM NaCl, 1 mM EDTA, 10 mM
pyrophosphate, 10 mM glycerol phosphate, 50 mM NaF, 0.5 mM
Na;VO,, and 0.3% 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate (CHAPS) and supplemented with protease and phospha-
tase inhibitors. Whole-cell protein lysates (500 j.g) were then incubated
with an appropriate antibody or antibody-conjugated beads overnight at
4°C. After being washed twice with 0.3% CHAPS lysis buffer and HEPES
wash buffer (50 mM HEPES, 40 mM NaCl, 2 mM EDTA, pH 8.0), respec-
tively, immunocomplexes were subjected to Western blotting for detec-
tion of the proteins of interest.

RT-PCR and real-time qPCR. Total cellular RNA preparation, reverse
transcription (RT)-PCR, and primers for detection of Mcl-1, FBXW7, and
B-TrCP were the same as described previously (19). Quantitative PCR
(qPCR) was performed with the iTaq Universal SYBR green Supermix
(Bio-Rad) on a 7500 Fast real-time PCR system (Life Technologies/Ap-
plied Biosystems, Grand Island, NY) by following the manufacturer’s in-
structions.

Lung cancer xenografts and treatments. Lung cancer xenograft ex-
periments were approved by the Institutional Animal Care and Use Com-
mittee of Emory University and conducted as previously described (14).
Five- to 6-week-old (body weight, about 20 g) female athymic (nu/nu)
mice were ordered from Harlan (Indianapolis, IN). H460 cells (5 X 10°in
100 pl of phosphate-buffered saline [PBS]) were injected subcutaneously
into the right flank of each mouse. Mice (n = 6 or 7/group) were treated
with the vehicle control, INK128 formulated in 5% N-methyl-2-pyrroli-
done, 15% polyvinylpyrrolidone in water (0.5 mg/kg administered by oral
gavage once daily) (20), CDDP in saline (2 mg/kg administered intraperi-
toneally once every 3 days), or a combination of INK128 and CDDP.

Statistical analysis. The statistical significance of a difference between
two groups was analyzed with a two-sided unpaired Student t test by use of
InStat 3 software (GraphPad Software, San Diego, CA). Results were con-
sidered statistically significant at a P value of <0.05.

RESULTS

TORKinibs decrease Mcl-1 levels in NSCLC cells. We first
treated A549 cells with different concentrations of several repre-
sentative TORKinibs, including INK128, AZD8055, and Torin 1,
and detected Mcl-1 protein level alteration. As shown in Fig. 1A,
these TORKinibs at concentrations ranging from 50 to 1,000 nM
effectively decreased the levels of p-S6 (S235/236), p-Akt (S473),
and p-SGK1 (S422), indicating their effectiveness against both
mTORC1 and mTORC?2 signaling. In parallel, they dose dependently
decreased Mcl-1 levels. We noted that INK128 had a more potent
effect than AZD8055 and Torin1 in both inhibiting mTORC signal-
ing (i.e., suppressing the phosphorylation of S6, Akt, and SGK1) and
decreasing Mcl-1 levels. The reduction of Mcl-1 occurred at 1 h post-
treatment and was sustained for >12 h in both the A549 and H460
cell lines (Fig. 1B). NSCLC cell lines displayed various sensitivities to
TORKinibs (e.g., INK128 and AZD8055) based on a 3-day growth
inhibition assay (Fig. 1C). We found that the basal levels of Mcl-1
were, in general, higher in less sensitive cell lines (e.g., H23 and
Calu-1) than in sensitive cell lines. Moreover, treatment with both
INK128 and AZD8055 led to a substantial decrease in Mcl-1 levels in
sensitive NSCLC cell lines (e.g., H460, A549, and H1648) but little or
no decrease in relatively less sensitive cell lines (e.g., H23, Calu-1, and
EKVX) (Fig. 1C). In these cell lines, our previous study has shown
that both INK128 and AZD8055 effectively reduce the levels of p-Akt
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FIG 1 TORKinibs reduce Mcl-1 levels in human NSCLC cells lines. (A) A549 cells were treated with the indicated concentrations (Conc.) of TORKinibs for 4
h. (B) The indicated cell lines were treated with 100 nM INK128 for different times as indicated. (C) The indicated NSCLC cell lines with various sensitivities to
TORKinibs (lower panel) were exposed to 100 nM INK128 or AZD8055 for 4 h. After the aforementioned treatments, whole-cell protein lysates were prepared
from these cell lines and subjected to Western blotting for detection of the indicated proteins. The growth curves in panel C were determined with the SRB assay
after plating cells in 96-well plates and exposing them to the indicated TORKinib for 3 days. The data are means * standard deviations of four replicate
determinations. LE, long exposure; SE, short exposure; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

(5473) and p-S6 (S235/236), regardless of cell sensitivity (13). To-
gether, these data indicate that TORKinibs effectively decrease Mcl-1
levels in NSCLC cells, particularly those sensitive to TORKinibs.
Genetic manipulation of rictor and Sinl but not raptor ex-
pression alters Mcl-1 levels. To decipher the involvement of
mTORGC:s in the positive regulation of Mcl-1 expression, we com-
pared the effects of knockdown of rictor and raptor on Mcl-1
expression. We detected substantially reduced levels of Mcl-1 in
both the A549-shRictor and H157-shRictor cell lines, in which
rictor was stably silenced, but not in the A549-shRaptor and
H157-shRaptor cell lines, in which raptor has been stably knocked
down (Fig. 2A). In agreement, transient knockdown of rictor but
not raptor by siRNA transfection also reduced Mcl-1 levels (Fig.
2B). Moreover, we detected lower levels of Mcl-1 in rictor-KO
MEFs than in WT and rictor-KO/rictor MEFs (Fig. 2C), indicating
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that rictor deficiency reduces Mcl-1 levels and rictor reexpression
can rescue Mcl-1 reduction. Consistently, KO of Sin1, an essential
component of mTORC2, also decreased Mcl-1 levels (Fig. 2D).
Hence, these results clearly show a rictor- or mTORC2-dependent
positive regulation of Mcl-1 expression. This notion is further
supported by our finding that enforced ectopic rictor but not rap-
tor expression elevated Mcl-1 levels (Fig. 2E).

Both TORKinib and rictor inhibition destabilize Mcl-1 pro-
tein by promoting its proteasomal degradation. We next deter-
mined the underlying mechanism of Mcl-1 reduction. We found
that rictor deficiency did not affect Mcl-1 mRNA levels (Fig. 2F).
Consistently, TORKinibs also did not alter Mcl-1 mRNA levels, as
evaluated by both RT-PCR (Fig. 3A) and qPCR (data not shown).
These results suggest a posttranscriptional mechanism. Since
Mcl-1 is known to be an unstable protein regulated by degrada-
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FIG 2 Genetic inhibition of rictor or Sinl but not raptor expression (A to D) and enforced expression of ectopic rictor but not raptor (E) alter Mcl-1 protein
levels (A to E) but not its mRNA level (F). (A to E) Whole-cell protein lysates were prepared from the indicated transfectants or MEFs (A, C, and D), A549 cells
48 h after transfection with the indicated siRNAs (B), and 293T cells 48 h after transfection with plasmids harboring a given gene (E). Lysates were then subjected
to Western blotting to detect the indicated proteins. SE, short exposure. (F) Total cellular RNA was prepared from the indicated MEFs and then subjected to
RT-PCR for detection of Mcl-1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNAs. Ctrl, control.

tion, we compared the stabilities of Mcl-1 protein among di-
methyl sulfoxide (DMSO)-, AZD8055-, and INK128-treated
cells. As shown in Fig. 3B, Mcl-1 protein levels were reduced much
more rapidly in AZD8055- or INKI128-treated cells than in
DMSO-treated cells, demonstrating that TORKinibs destabilize
Mcl-1 protein. Consistently, we also detected a faster reduction of
Mcl-1 protein in A549-shRictor cells than in A549-pLKO.1 and
shRaptor cells (Fig. 3C). Complementarily, enforced expression of
ectopic rictor but not raptor slowed Mcl-1 reduction (Fig. 3D and
E). Thus, it is rictor that positively regulates Mcl-1 stability.

We also detected Mcl-1 reduction in A549 cells exposed to
different TORKinibs, including AZD8055, INK128, Torin 1, and
PP242, but this effect was abolished in the presence of the protea-
some inhibitor MG132 (Fig. 3F), indicating that TORKinibs in-
duce Mcl-1 through a proteasome-mediated mechanism. Fur-
thermore, we detected higher levels of polyubiquitinated Mcl-1 in
cells exposed to INK128 plus MG132 than in cells treated with
INK128 alone or MG132 alone (Fig. 3G), indicating that INK128
increases Mcl-1 polyubiquitination. Collectively, we conclude
that TORKinibs or rictor inhibition induces ubiquitination/pro-
teasome-mediated degradation of Mcl-1, resulting in reduction of
Mcl-1.

TORKinibs induce GSK3-dependent Mcl-1 degradation. Since
GSK3-mediated phosphorylation of Mcl-1 at Ser159 is critical for
Mcl-1 degradation (9-12), we next determined whether GSK3 is
involved in Mcl-1 degradation induced by TORKinibs. All of the
TORKinibs tested, including INK128, AZD8055, Torin 1, and
PP242, decreased the levels of Mcl-1 in the absence of the GSK3
inhibitor SB216763 but failed to do so in its presence (Fig. 4A).
Similar results were also generated with another GSK3 inhibitor,
CHIR99021 (Fig. 4B). Consistently, genetic inhibition of GSK3 via
siRNA-mediated gene knockdown also rescued Mcl-1 reduction
induced by INK128 (Fig. 4C). Furthermore, the presence of either
SB216763 or CHIR99021 blocked the reduction of Mcl-1’s half-
life by INK128 (Fig. 4D). These data robustly demonstrated that
TORKinibs induce GSK3-dependent Mcl-1 degradation. Under
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the conditions tested, we found that INK128 increased p-Mcl-1
(S159/163) (Fig. 4E). In addition, INK128 or AZD8055 decreased
the levels of ectopic WT Mcl-1 but not mutant Mcl-1 (S159A), in
which serine 159 was changed to alanine (Fig. 4F), further sup-
porting the notion that TORKinibs induce GSK3-dependent
Mcl-1 degradation.

TORKinibs induce Skp, cullin, F-box (SCF)-FBXW?7-medi-
ated Mcl-1 degradation. Since both SCF E3 ligases FBXW7 and
B-TrCP have been suggested to mediate GSK3-dependent Mcl-1
degradation (9, 11, 12), we then determined the possible involve-
ment of these E3 ligases in TORKinib-induced Mcl-1 degradation.
We found that disruption of the SCF complex by knocking down
Skp1 and particularly by knocking down both Cul-1 and Skp1, not
only elevated the baseline Mcl-1 levels but also prevented INK128-
induced Mcl-1 reduction (Fig. 5A), suggesting the involvement of
an SCF E3 ligase in this process. In this study, we noted that Cul-1
knockdown did not rescue Mcl-1 reduction induced by INK128,
although it elevated basal Mcl-1 levels. Whether this is due to
insufficient knockdown of Cul-1 needs further investigation. Sub-
sequently, we compared the effects of knocking down FBXW7,
B-TrCP, or both on INK128-induced Mcl-1 reduction and found
that INK128 decreased Mcl-1 levels in control siRNA- and
B-TrCP siRNA-transfected cells but not in cells transfected with
FBXW?7 siRNA or the FBXW7 and B-TrCP siRNAs (Fig. 5B). The
knockdown efficiencies of FBXW7 and B-TrCP were confirmed
by RT-PCR (Fig. 5B, lower panel). Hence, it is FBXW7, rather
than B-TrCP, that is responsible for TORKinib-induced Mcl-1
degradation. In the H1299 cell line, in which transfection of
FBXW7 siRNA effectively knocks down FBXW7 expression as we
described previously (16), we observed that INK128, AZD8055,
and Torin 1 drastically decreased Mcl-1 levels in control siRNA-
transfected H1299 cells, while little or no decrease was seen in
FBXW?7 siRNA-transfected cells (Fig. 5C). In agreement, these
TORKinibs decreased Mcl-1 levels in HCT116 parental cells but
not in HCT116 cells deficient in FBXW7 (FBXW7-KO) (Fig. 5D).
Similarly, rictor knockdown reduced Mcl-1 levels in HCT116 pa-
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FIG 3 Inhibition of mTORC2 by TORKinibs (A, B, F, and G) or rictor knockdown (C) does not alter Mcl-1 mRNA levels (A) but rather promotes Mcl-1
protein degradation (B to D), whereas enforced expression of rictor but not raptor stabilizes Mcl-1 (D and E). (A) A549 cells were treated with DMSO or
the indicated TORKinibs at 100 nM for 8 h. Total cellular RNA was extracted for detection of Mcl-1 mRNA levels by RT-PCR. (B) A549 cells were treated
with DMSO or 100 nM INK128 or AZD8055 for 4 h. The cells were then washed with PBS three times and refed with fresh medium containing 10 pg/ml
CHX. At the indicated times, the cells were harvested for preparation of whole-cell protein lysates and subsequent Western blot analysis. Protein levels
were quantified with NIH Image] software and normalized to tubulin. (C to E) Whole-cell protein lysates were prepared from the indicated A549
transfectants exposed to 10 wg/ml CHX for different times as indicated (C) and 293T cells 48 h after transfection with myc-rictor or HA-raptor, followed
by exposure to 10 wg/ml CHX for different times as indicated (D and E). The lysates were then subjected to Western blot analysis. Protein levels were
quantified with NIH Image]J software and normalized to tubulin. (F) A549 cells were pretreated with 10 uM MG132 for 1 h and then cotreated with the
indicated TORKinibs (100 nM for INK128, AZD8055, and Torin 1 and 1 wM for PP242) for 4 h. The cells were harvested for preparation of whole-cell
protein lysates and subsequent Western blot analysis. (G) H1299/Mcl-1 cells were transfected with HA-ubiquitin (Ub). After 48 h, the cells were pretreated
with 10 uM MG132 for 40 min and then cotreated with 100 nM INK128 for another 4 h. Whole-cell protein lysates were then prepared for IP with
anti-Mcl-1 antibody, followed by Western blotting (WB) with the indicated antibodies.

rental cells but not in FBXW7-KO HCT116 cells (Fig. 5E). These Since many other proteins, such as c-Myc, c-Jun, and cyclin E, are
data further support our conclusion that FBXW7 mediates Mcl-1 ~ known to undergo GSK3/SCF-FBXW?7-dependent degradation (21,
degradation induced by TORKinibs or rictor inhibition. In our  22), we predicted that TORKinibs would decrease the levels of these
study, we found that TORKinibs did not alter FBXW7 mRNA  proteins as well. Indeed, INK128, AZD8055, and Torin 1 decreased
levels, as evaluated by both RT-PCR and qPCR (data not shown). thelevels of c-Myc, c-Jun, and cyclin E in addition to Mcl-1 (Fig. 5F).
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FIG 4 Inhibition of GSK3 with SB216763, CHIR99021, or siRNA rescues Mcl-1 degradation induced by TORKinibs (A to D), and GSK3 phosphorylation of
Mcl-1 is critical for Mcl-1 reduction by TORKinibs (E and F). (A and B) A549 cells were pretreated with 10 wM SB216763 or CHIR99021 for 30 min and then
cotreated with the indicated TORKinibs (100 nM for INK128, AZD8055, and Torin 1 and 1 uM for PP242) for an additional 10 h (A) or 6 h (B). (C) A549 cells
were transfected with the indicated siRNAs for 48 h and then exposed to 100 nM INK128 for an additional 4 h. (D) A549 cells were treated with DMSO, 100 nM
INK128, or INK128 plus 10 pM SB216763 or CHIR99021 for 6 h. The cells were then washed with PBS three times and refed with fresh medium containing 10
prg/ml CHX. At the indicated times, the cells were harvested for preparation of whole-cell protein lysates and subsequent Western blot analysis. Protein levels were
quantified with NIH Image] software and normalized to tubulin. (E) A549 cells were exposed to 100 nM INK128 for different times as indicated and then
harvested for preparation of whole-cell protein lysates and subsequent Western blot analysis. (F) 293T cells were transfected with plasmids carrying the indicated
genes, and after 48 h, they were treated for an additional 10 h with 100 nM TORKinibs as indicated. After the aforementioned treatments, whole-cell protein
lysates were prepared from these cells for Western blotting to detect the indicated proteins. Ctrl, control.

mTORC2 is associated with the SCF-FBXW?7 complex and
inhibits its function. It has been suggested that rictor is involved
in the regulation of protein degradation (e.g., SGK1 and cyclin E1)
by directly interacting with the SCF complex or FBXW7 (23, 24).
To understand how mTORC2 positively regulates Mcl-1 stability
or how TORKinibs induce FBXW7-mediated Mcl-1 degradation,
we asked whether mTORC2 is physically associated with the SCE-
FBXW7 complex. Because of the lack of a reliable FBXW?7 anti-
body, we transfected Flag-FBXW?7 into 293T cells, treated them
with INK128, and then conducted IP with anti-Flag antibody and
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subsequent Western blotting to detect different proteins of inter-
est in the immunoprecipitates. As shown in Fig. 6A, we detected
Skp1 (a key component of SCF), rictor, mTOR, and Mcl-1, indi-
cating that FBXW?7 is associated or interacts with these proteins.
Compared with cells exposed to DMSO, we detected reduced
amounts of both rictor and mTOR while Skpl remained un-
changed in INK128-treated cells, suggesting that INK128 treat-
ment promotes dissociation of mTOR and rictor from SCF-
FBXW?7. Using Mcl-1 antibody to pull down endogenous Mcl-1 in
A549 cells, we detected Cul-1, Skpl, rictor, and mTOR in the
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FIG 5 Inhibition of SCF-FBXW?7 by knocking down Cul-1 and Skp1 (A) or FBXW?7 (B and C) or by knocking out FBXW7 (D and E) rescues Mcl-1 reduction
induced by TORKinibs (A to D) or rictor silencing (E), whereas TORKinibs decrease the levels of other known FBXW7 substrates (F). (A to C) The indicated cell
lines were transfected with control (Ctrl) or other indicated siRNAs, and after 48 h, they were exposed to the indicated TORKinibs (100 nM) for an additional
4h. (D) WT and FBXW7-KO HCT116 cells were treated with the indicated TORKinibs at 100 nM for 3 h. (E) WT and FBXW7-KO HCT116 cells were transfected
with the indicated siRNAs for 48 h. After these treatments, the cells were harvested for preparation of whole-cell protein lysates and subsequent Western blotting.
FBXW?7 knockdown efficiency in panel B was evaluated by RT-PCR. SE, short exposure. (F) A549 cells were treated for 8 h with the different TORKinibs indicated
at 100 nM and then harvested for preparation of whole-cell protein lysates and subsequent Western blotting.

immunoprecipitate. INK128 treatment decreased the amounts of
both rictor and mTOR without altering the amounts of Cul-1 and
Skp1 (Fig. 6B). In the same cell line, we pulled down endogenous
rictor with a rictor antibody and detected Mcl-1, Cul-1, Skp1, and
mTOR (a known partner of rictor) in the immunoprecipitate and
reduced amounts of Mcl-1, Cul-1, and Skp1 in cells treated with
INK128 (Fig. 6C). These results suggest that Mcl-1 is associated
with Cul-1, Skpl, rictor, and mTOR and that INK128 treatment
facilitates dissociation of Mcl-1 from rictor and mTOR.

Mcl-1 phosphorylation at Ser159 is critical for Mcl-1 associ-
ation with both rictor and FBXW7. It has been shown that
Mcl-1 Ser159 phosphorylation is required for FBXW7 binding
to Mcl-1 (11, 12). In our study, we demonstrated the critical
role of Mcl-1 Ser159 phosphorylation in modulating FBXW?7
binding to Mcl-1 by cotransfection of FBXW7 and WT or mu-
tant Mcl-1, followed by IP-Western blotting. Using an anti-
Flag tag antibody to pull down FBXW7, we detected much
smaller amounts of S159A mutant Mcl-1 than WT Mcl-1 (Fig.
6D). Next, we asked whether Ser159 phosphorylation impacts
the association of Mcl-1 with rictor or mTORC?2. To this end,
we cotransfected myc-rictor and WT or mutant (S159A) Mcl-1
into 293T cells and then conducted IP with an anti-Myc tag
antibody, followed by Western blotting to detect Mcl-1 and
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rictor. We detected smaller amounts of SI59A mutant than WT
Mcl-1 (Fig. 6E), indicating that Mcl-1 Ser159 phosphorylation
is also important for the association of Mcl-1 with rictor.
TORKinibs enhance the cancer therapeutic efficacy of
CDDP. Despite the potent reduction of Mcl-1 by TORKinibs, as
demonstrated above, TORKinibs alone at concentrations of up to
1 pM led to little or no induction of apoptosis in our tested
NSCLC cell lines (data not shown). We thus wondered whether
Mcl-1 downregulation might lower the thresholds at which cancer
cells undergo apoptosis triggered by other stimuli (e.g., chemo-
therapy), leading to sensitization of cancer cells to undergo apop-
tosis. As a proof-of-principle study, we compared the sensitivities
of WT and rictor-KO MEFs, which have differential levels of Mcl-1
(Fig. 2), to CDDP, a well-known chemotherapeutic drug widely
used for treatment of NSCLC and other cancers, in which Mcl-1
expression negatively impacts their responses to CDDP (25, 26).
We found that rictor-KO MEFs were indeed more sensitive than
WT MEFs to CDDP (Fig. 7A). This effect could be reversed by
reexpression of ectopic rictor (i.e., in rictor-KO/rictor MEFs) (Fig.
7B). Furthermore, we detected larger amounts of cleaved poly-
(ADP-ribose) polymerase (PARP) in rictor-KO MEFs than in WT
MEFs treated with CDDP (Fig. 7C), suggesting that rictor defi-
ciency makes cells prone to CDDP treatment. These results to-
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by the ubiquitin (Ub)-proteasome (P) pathway.

gether indicate that genetic inhibition of mTORC2 indeed sensi-
tizes cells to CDDP treatment. Following this study, we tested the
effects of CDDP in the absence or presence of a TORKinib on the
growth and apoptotic death of cancer cells. In both A549 and
H460 cells, in which Mcl-1 levels were substantially reduced by
TORKinibs (Fig. 1C), the combination of CDDP with either
INK128 or AZD8055 was much more potent than either agent
alone in decreasing the survival of cancer cells in a 3-day mono-
layer cell culture experiment (Fig. 7D). The CIs for the combina-
tions tested were <1, indicating synergistic effects in decreasing
the survival of cancer cells. In Calu-1 and H23 cells, in which
Mcl-1 levels were high and only weakly reduced by TORKinibs
(Fig. 1C), the combination of CDDP with INK128 or AZD8055
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also showed some degree of enhanced growth suppression (Fig.
7D). However, these effects were much weaker than those in H460
and A549 cells. In a long-term colony formation assay that allows
repeated treatment, identical results were also generated. The
combination of CDDP with INK128 or AZD8055 was much more
effective than either agent alone in suppressing the formation and
growth of both A549 and H460 colonies (Fig. 7E and data not
shown). Moreover, the combination of INK128 and CDDP was
also more potent than either single agent in reducing Mcl-1 levels
and inducing cleavage of PARP in both A549 and H460 cells (Fig.
7F), demonstrating that the combination of INK128 and CDDP
enhances induction of apoptosis.

Lastly, we validated the efficacy of the INK128 and CDDP
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combination on the growth of NSCLC xenografts in nude mice. INK128-alone group starting from day 12) (Fig. 8). The com-
While INK128 and CDDP alone at the doses tested only weakly — bination did not significantly affect the body weight of mice
inhibited the growth of H460 xenografts, as measured by both  (Fig. 8A), suggesting that the combination does not accord-
tumor size and weight, the combination of INK128 and CDDP  ingly enhance toxicity. These data clearly indicate that the
significantly inhibited the growth of H460 xenografts (at least combination indeed displays enhanced anticancer activity
P < 0.01 compared with the vehicle control, CDDP-alone, or  without compromising safety in vivo.
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FIG 8 A combination of INK128 and CDDP is significantly more effective
than either single agent in suppressing the growth of NSCLC xenografts (A and
B) without enhancing toxicity (A) in nude mice. H460 xenografts were treated
with the vehicle control, INK128 (0.5 mg/kg administered by oral gavage
daily), CDDP (2 mg/kg administered intraperitoneally once every 3 days), or a
combination of INK and CDDP starting on the same day after grouping. Tu-
mor sizes (A, upper panel) and mouse body weights (A, lower panel) were
measured every 2 days as indicated. The data presented are mean values *
standard errors. After 22 days, the mice were sacrificed and the tumors were
removed and weighed (B). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001 (compared with the vehicle-treated control).

DISCUSSION

This study found that several TORKinibs, including INK128,
AZDB8055, and Torinl, under the conditions tested, effectively de-
creased Mcl-1 levels accompanied by inhibition of both mTORCI1
(e.g., suppression of S6 phosphorylation) and mTORC2 (e.g., sup-
pression of Akt and SGK1 phosphorylation) signaling in human
NSCLC cell lines (Fig. 1). During the course of our studies of Mcl-1
downregulation by TORKinibs, two other groups reported that
AZDB8055 decreased Mcl-1 levels in rhabdomyosarcoma and colorec-
tal cancer cells, although the underlying mechanisms were not de-
fined (27, 28). Hence, it is clear that TORKinibs decrease Mcl-1 levels
in cancer cells. We noted that INK128 was more potent than

July 2015 Volume 35 Number 13

Molecular and Cellular Biology

mTORC2 Regulation of Mcl-I Stability

AZD8055 and Torinl in decreasing Mcl-1 levels and inhibiting
mTORC signaling, suggesting a possible association between inhibi-
tion of mTORC signaling and reduction of Mcl-1 levels.

We found that rictor deficiency and TORKinibs did not alter
Mcl-1 mRNA levels (Fig. 2F and 3A). These findings are similar to
the previous report that ADZ8055-induced Mcl-1 reduction is not
associated with mRNA modulation (28). Thus, it is clear that
TORKinibs do not downregulate Mcl-1 at the mRNA level.
Rather, we have demonstrated in this study that TORKinibs re-
duce Mcl-1 protein levels by facilitating GSK3-dependent, SCF-
FBXW7-mediated proteasomal degradation of Mcl-1 protein on
the basis of the following findings: (i) both INK128 and AZD8055
enhanced the rate of Mcl-1 degradation (Fig. 3B), (ii) inhibition of
the proteasome with MG132 increased basal levels of Mcl-1 and
rescued Mcl-1 reduction induced by different TORKinibs (Fig.
3F), (iii) INK128 treatment increased Mcl-1 polyubiquitination
(Fig. 3G), (iv) both pharmacological and genetic inhibition of
GSK3 prevented Mcl-1 reduction or degradation induced by dif-
ferent TORKinibs (Fig. 4), and (v) SCF complex disruption or
FBXW?7 suppression (including knockdown and KO) blocked
TORKinib-induced Mcl-1 reduction (Fig. 5). To the best of our
knowledge, this is the first study to elucidate the mechanism by
which TORKinibs decrease Mcl-1.

It is known that TORKinibs inhibit the activity of both mTORC1
and mTORC2. mTORCI1 has been suggested to positively regulate
Mcl-1 translation (8). However, it is unclear whether mTORC2 is also
involved in the regulation of Mcl-1 expression and, if so, by which
mechanism. In our study, we clearly show that siRNA-mediated ge-
netic inhibition of rictor but not raptor mimics the abilities of
TORKinibs to decrease Mcl-1 levels (Fig. 2A and B), to destabilize
Mcdl-1 protein or enhance the Mcl-1 degradation rate (Fig. 3C), and
to induce FBXW7-mediated Mcl-1 degradation (Fig. 5E). In agree-
ment, deficiency of rictor or Sinl also reduced Mcl-1 levels; this re-
duction could be rescued by reintroducing exogenous rictor (Fig. 2C
and D). Complementarily, enforced expression of ectopic rictor but
not raptor elevated Mcl-1 levels (Fig. 2E) and stabilized Mcl-1 protein
or slowed the Mcl-1 degradation rate (Fig. 3D and E). Collectively, it
is apparent that both rictor and Sin1 are involved in the regulation of
Mcl-1 stability. Since rictor and Sinl are key essential components of
mTORC?2 and all of the TORKinibs tested induce Mcl-1 degradation,
as demonstrated in this study, we conclude that mTORC2 is respon-
sible for positive regulation of Mcl-1 stability; accordingly, inhibition
of this complex, e.g., with a TORKinib, triggers Mcl-1 degradation.

Since TORKinibs induce GSK3-dependent Mcl-1 degradation,
as demonstrated in this study, GSK3 is known to be a substrate of
Akt (29), and mTORC2 functions as an Akt Ser473 kinase (30), it
is reasonable to question whether TORKinib-induced GSK3-de-
pendent Mcl-1 degradation is secondary to Akt inhibition. At the
typical tested concentration of TORKinibs (e.g., 100 nM), we had
previously shown that these TORKinibs suppress Akt Ser473
phosphorylation but do not accordingly inhibit GSK3 phosphor-
ylation (13). Consistently, another study also reported that
AZD8055 did not suppress GSK3 phosphorylation in rhabdo-
myosarcoma cells (27). These data indicate that TORKinibs do
not activate GSK3. Moreover, in the panel of NSCLC lines with
different sensitivities to TORKinibs we tested, INK128 and
AZD8055 effectively reduced Mcl-1 levels in relatively sensitive
cell lines but caused little or no decrease in relatively less sensitive
cell lines (Fig. 1C). However, both INK128 and AZD8055 had
comparable effects on inhibiting Akt Ser473 phosphorylation
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across these cell lines, as we demonstrated previously (13). There-
fore, we believe that TORKinibs-induced GSK3-dependent Mcl-1
degradation is unlikely to be secondary to Akt inhibition.

It has previously been shown that rictor is involved in the reg-
ulation of protein degradation via interaction with FBXW7 or
Cul-1, although these effects are claimed to be independent of
mTOR (23, 24). This study also shows that FBXW?7 is associated
not only with Skp1 and Mcl-1 but also with both rictor and mTOR
because we could pull down these proteins by immunoprecipitat-
ing FBXW7 (Fig. 6A). Using an anti-Mcl-1 antibody, we also
pulled down both rictor and mTOR in addition to Cul-1 and Skp1
(Fig. 6B). Consistently, we could pull down Mcl-1, Cul-1, and
Skp1 besides mTOR with a rictor antibody (Fig. 6C). These data
together strongly suggest that mTORC2 may be physically associ-
ated with the SCF-FBXW?7 complex. With INK128 treatment, we
pulled down smaller amounts of rictor and mTOR by immuno-
precipitation with a FBXW7 (Fig. 6A) or Mcl-1 antibody (Fig. 6B).
Complementarily, we detected reduced amounts of Mcl-1, Cul-1,
and Skpl in the immunoprecipitate pulled down with a rictor
antibody (Fig. 6C). These data suggest that TORKinibs induce
dissociation of rictor and mTOR from Mcl-1 or the SCF com-
plex. Furthermore, we show that Mcl-1 phosphorylation at
Ser159, which is critical for FBXW?7 and Mcl-1 interaction, as
demonstrated previously (11, 12) and in this study (Fig. 6D), is
also important for Mcl-1 and rictor association because a mu-
tation at Ser159 substantially decreased Mcl-1 and rictor asso-
ciation (Fig. 6E). Hence, we propose a working model in which
GSK3-dependent phosphorylation of Mcl-1 at Serl59 en-
hances the association of Mcl-1 with both the SCF-FBXW7
complex that mediates the degradation of Mcl-1 and mTORC?2,
which inhibits Mcl-1 degradation by suppressing SCE-FBXW?7
activity; thus, inhibition of mTORC2 (e.g., with a TORKinib)
facilitates dissociation of mTORC2 from the SCF-FBXW7
complex, allowing the SCF-FBXW7 complex to degrade Mcl-1
by the ubiquitin-proteasome pathway (Fig. 6F). Hence, our
findings warrant further study in this direction and highlight a
novel biological function of mTORC2 in the regulation of cell
survival and growth.

Both INK128 and AZD8055 at concentrations of up to 1 pM
minimally induce apoptosis in our tested cell system. In agree-
ment, AZD8055 also minimally induces apoptosis in rhabdo-
myosarcoma cells (27). Hence, downregulation of Mcl-1 by
TORKIinibs may not be sufficient to initiate apoptosis but may
lower the threshold at which cancer cells undergo apoptosis,
meaning that TORKinibs may sensitize cancer cells to certain
cancer therapy-induced apoptosis. Indeed, two recent studies
have shown that TORKinibs such as AZD8055 enhance the
effects of the Bcl-2 family inhibitors AB263 and ABT737 on the
induction of apoptosis and on their cancer therapeutic effica-
cies (27, 28). In our study, we also show that the chemothera-
peutic drug CDDP, in combination with either INK128 or
AZD8055, exerts enhanced effects on decreasing Mcl-1 levels,
inducing apoptosis, and suppressing the growth of cancer cells
both in vitro and in vivo (Fig. 7 and 8). These findings may
suggest an effective therapeutic strategy to better utilize TOR-
Kinibs in the clinic for the treatment of cancer.

In addition to its antiapoptotic function, Mcl-1 has also been
suggested to play a role in supporting the high rate of proliferation
of cancer cells (31). TORKinibs potently reduce Mcl-1 levels and
inhibit cancer cell growth with limited apoptosis-inducing activ-
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ity. We have shown that maintenance of GSK3 activity is critical
for TORKinibs to inhibit cancer cell growth and, accordingly, in-
hibition of GSK3 antagonizes TORKinibs’ growth-inhibitory ef-
fects by the blockage of cyclin D1 degradation (13). In this study,
we further show that TORKinibs induce GSK3-dependent Mcl-1
degradation. Whether Mcl-1 reduction contributes to mediation
of growth inhibition by TORKinibs requires further investigation.

In addition to Mcl-1, many other proteins (e.g., c-Myc, c-Jun,
and cyclin E1) are known to undergo GSK3-dependent and
FBXW7-mediated proteasomal degradation (21, 22). Hence, it is
plausible to speculate that the degradation of these proteins will be
negatively regulated by mTORC2. Our data indeed show that all of
the TORKinibs tested effectively reduced the levels of not only
Mcl-1 but also c-Myc, c-Jun, and cyclin E (Fig. 5F). Further inves-
tigation is thus warranted to elucidate the biological significance
of the negative regulation of GSK3/FBXW?7-dependent protein
degradation by mTORC2 in the regulation of cancer develop-
ment.
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